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EDITORIAL

Editorial

Margherita Venturi1 • Mila D’Angelantonio2

� Springer International Publishing Switzerland 2017

The chemical effects of high-energy radiations, such as those emitted by radioactive

substances, generated by high-energy machines and nuclear reactors, concern a

branch of chemistry called radiation chemistry. This term was proposed by Milton

Burton in 1942 for the needs of the Manhattan Project, the secret atomic energy

research program carried out in the United States during the Second World War. It

is interesting to notice, however, that the first radiation-chemical change was

observed as early as 1895 by Röntgen when he established the existence of a

penetrating, invisible radiation—X-rays—able to fog a photographic plate. Indeed,

as Burton wrote (C&EN, 1969, Feb. 10, 86): In May 1942, the title radiation

chemistry did not exist … I sought an appropriate name for an area that we quickly

realized has existed for 47 years without any name at all. The name radiation

chemistry came out of the hopper; I didn’t like it; I asked Robert Mulliken advice.

He couldn’t think of anything better and, with that negative endorsement, the old

field received its present name.

Since that time, radiation chemistry has developed at an incredible rate. For at least

30 years the interest focused on basic research, exploiting steady-state and time-

resolved techniques, in the field not only of chemistry, but also physics and biology.

These studies, reported in a large number of papers and books, endeavored to

understand the mechanisms of a wide variety of radiolytically induced reactions, and

to collect kinetic data and absorption spectra of the unstable species formed by the

interaction of high-energy radiations with very different systems, as far as chemical

This article is part of the Topical Collection ‘‘Applications of Radiation Chemistry’’; edited by
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composition and aggregation state are concerned. These radiations were soon found to

induce useful chemical changes in various substrates resulting in their use for diverse

applications. The first applications were in medicine for diagnostic and therapeutic

purposes, but a variety of interesting industrial applications rapidly emerged, such as

sterilization of different materials and polymer preparation, modification, and

degradation. The applicative aspect of radiation chemistry strongly expanded, taking

advantage of the great amount of results provided by basic studies, so that today high-

energy radiations are employed with various aims in several other fields like

environment, biotechnology, cultural heritage, and food treatment.

These spectacular advances are illustrated in the present topical collection ofTopics

in Current Chemistry that showcases contributions from the most prominent expert

groups. It indeed reports the outstanding developments in the industrial, biotechno-

logical, and environmental fields including several recent and interesting topics. These

are (a) radiation-induced degradation of organic pollutants in waters and wastewaters,

(b) advantages of radiation technology for upgrading and refining high-viscous oils

and petroleum products, (c) use of gamma radiations for treating cultural heritage,

(d) application of radiation chemistry to solve some technological issues related to

nuclear energy, (e) radiation-induced grafting for the functionalization and develop-

ment of smart polymeric materials, (f) radiation engineering of multifunctional

nanogels, (g) chitosan-based matrices prepared by gamma irradiation for tissue

regeneration, (h) electron beam technology for environmental pollution control,

(i) radiation technology applications in the food industry, and (j) application of

radiation sources and accelerators in the field of space research and industry.

We believe that this topical collection represents a good opportunity not only to

highlight the research activities carried out by exploiting the peculiar features of the

high-energy radiationwith non-experts, but also to stimulate the interest of a wide range

of readers for this relatively new field. Finally, we would like to express our gratitude to

the colleagues who committed to deliver high-quality contributions, and to the editorial

staff at Springer for their support throughout the development of this topical collection.

Margherita Venturi
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Radiation Induced Degradation of Organic Pollutants
in Waters and Wastewaters

László Wojnárovits1 • Erzsébet Takács1

Received: 18 March 2016 / Accepted: 28 June 2016 / Published online: 25 July 2016

� Springer International Publishing Switzerland 2016

Abstract In water treatment by ionizing radiation, and also in other advanced

oxidation processes, the main goal is to destroy, or at least to deactivate harmful

water contaminants: pharmaceutical compounds, pesticides, surfactants, health-care

products, etc. The chemical transformations are mainly initiated by hydroxyl radi-

cals, and the reactions of the formed carbon centered radicals with dissolved oxygen

basically determine the rate of oxidation. The concentration of the target compounds

is generally very low as compared to the concentration of such natural ‘impurities’

as chloride and carbonate/bicarbonate ions or the dissolved humic substances

(generally referred to as dissolved organic carbon), which consume the majority of

the hydroxyl radicals. The different constituents compete for reacting with radicals

initiating the degradation. This manuscript discusses the radiation chemistry of this

complex system. It includes the reactions of the primary water radiolysis interme-

diates (hydroxyl radical, hydrated electron/hydrogen atom), the reactions of radicals

that form in radical transfer reactions (dichloride-, carbonate- and sulfate radical

anions) and also the contribution to the degradation of organic compounds of such

additives as hydrogen peroxide, ozone or persulfate.

Keywords Water treatment � Advanced oxidation processes � Degradation �
Radiolysis � Radical
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1 Introduction

In water treatment by ionizing radiation, the reactive intermediates of water

radiolysis and the radicals that form in radical transfer reactions induce the

degradation of the target harmful organic pollutants, pharmaceuticals, pesticides,

health care products, etc. [1, 2]. In real wastewater, there is always a competition

between the reactions of different constituents of the aqueous solutions for the

reactive water intermediates. The relative rates of reactions are determined by the

product of the rate constant (kx) and the concentration of a given component (Sx) in

the water: kx[Sx]. This product is called scavenging capacity. The weight of a

reaction of a reactive intermediate with compound x (wx) may be calculated using

the relation:

wx ¼
kx Sx½ �

P
kx Sx½ � ð1Þ

where the summation should go on for all solutes.
P

kx Sx½ � represents the total

scavenging capacity of the system [3]. The water that undergoes treatment beside

dissolved O2 molecules (2.8 9 10-4 mol dm-3, at 20 �C) practically always con-

tains chloride ions, carbonate and hydrogen carbonate (bicarbonate) ions, and a

large number of different organic molecules. The organic content of drinking water,

and the water of lakes and rivers, is referred to as dissolved organic carbon (DOC,

defined as the fraction of organic substances that passes through a 0.45 lm filter).

DOC has diverse origin and composition within aquatic systems. Occasionally, high

concentrations of organic carbon indicate anthropogenic influences, but DOC is

mostly of natural origin. Organic carbon compounds usually form in decomposition

processes of plants or organisms living in water. DOC in natural waters is composed

of a heterogeneous mixture of organic compounds with molecular masses ranging

from less than 100 to 300,000 Daltons. Humic substances (fulvic and humic acids)

are the dominant DOC fractions in freshwater and costal seawater [4]. Due to the

undefined composition of DOC, scientific investigations with reactions of dissolved

organic matter are often carried out with standard samples from the Suwannee

River, purchased from the International Humic Substances Society (e.g., [5]).

The primary radicals that form during water irradiation react with the target

harmful organic molecules and also with DOC, chloride and bicarbonate/carbonate

ions, etc., forming secondary radicals. The properties and reactions of these

secondary radicals and their participation in the degradation reactions are also

detailed here, together with the reactions of primary water radiolysis intermediates.

Some additives, like ozone, hydrogen peroxide or persulfate, are known to increase

the oxidation efficiency of organic pollutants by transforming reductive interme-

diates to oxidizing species during irradiation. These reactions are also discussed.

This paper concentrates on the radical reactions and mechanisms that are important

from the point of view of water treatment. Practical implementation of the technique

is discussed in another paper in this issue.

Top Curr Chem (Z) (2016) 374:50
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2 Reactions of Primary Radicals of Water Radiolysis with Organic
Molecules

2.1 Radiolysis of Liquid Water

An important characteristic of ionizing radiation is that its energy is absorbed non-

selectively so that molecules are ionized or excited according to their relative

abundance in the medium of interest [6]. In dilute solutions, the energy is

overwhelmingly absorbed by the solvent and the chemical reactions of the solute

molecules occur through reactions of the reactive intermediates formed due to

energy deposition in the solvent molecules. In radiation chemistry, there is a high

probability that during the energy deposition and in the subsequent fast reactions,

two or more reactive species are created close enough to each other that they can

mutually influence each other’s further reaction possibilities. This isolated space is

called spur. There is a competition between the reaction of intermediates in the spur

and their diffusing out of the spur (spur expansion). The intermediates that escape

the spur in the bulk become homogeneously distributed with respect to solute

molecules.

In the radiolysis of liquid water, the intermediates mainly form as a consequence

of ionization of water molecules. Excited-state water molecules may play a much

less significant role in radiolysis [6–10]:

ð2Þ

ð3Þ

H2O�þ þ H2O ! H3Oþ þ �OH ð4Þ

e� þ n H2O ! e�aq ð5Þ

H2O� ! �OH þ H� ð6Þ

The radical cation, H2O? formed in reaction (2) may migrate over a distance of a

few water molecules by resonance electron transfer, but since H2O�? is a strong acid

within 10-14 s it gives a proton to one of the surrounding water molecules according

to (4), and the process gives a hydroxonium ion and hydroxyl radical (�OH). The

electron released in reaction (2) (dry electron) loses its kinetic energy in collisions

with surrounding water molecules and in less than 10-12 s is localized in a potential

energy well as a result of molecular dipoles rotating under the influence of the

negative charge. Thus, in reaction (5), the smallest anion, eaq
- , a solvated (hydrated)

electron forms. The hydrated electron is also called aqueous electron. The excited

water molecules, H2O*, formed in reaction (3), decompose to �OH and H� in

reaction (6).

The yields (the so called G-values) of �OH, eaq
- and H� after the spur processes are

0.28, 0.28 and 0.06 lmol J-1, respectively. The intermediates with these yields

Top Curr Chem (Z) (2016) 374:50
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react with solute molecules present at a concentration level B10-3 mol dm-3. It is

estimated that about 40 % of the initially produced intermediates are consumed by

spur processes [6]. In the spur processes, H2 (0.047 lmol J-1) and H2O2

(0.073 lmol J-1) form and there is also some reformation of water molecules

(�OH ? H�? H2O).

2.2 The Diffusion Controlled Rate Constant

The rate constants of reactions of several inorganic radicals (e.g., �OH, Cl� or SO4
�-)

with organic molecules (mainly aromatics) approach the theoretical maximum, the

so-called diffusion controlled value, kdiff. There are several equations in the

literature for the estimation of the diffusion controlled limit; however, in practice,

the Smoluchowski relation is the one that is most often used for this purpose

[11, 12]:

kdiff ¼ 4p DP þ DR�ð Þ rP þ rR�ð ÞN � 103ðmol�1 dm3 s�1Þ ð7Þ

In the equation, DP and DR� are the diffusion coefficients of the attacked molecule

and the attacking radical, respectively, in m2 s-1 units. rP and rR� are the reaction

radii of the corresponding species in m. N is Avogadro’s number. When the dif-

fusion coefficients and the reaction radii are used in these units, kdiff is obtained in

mol-1 dm3 s-1. For a typical aromatic molecule, DP and rP are around 0.5 9 10-9

m2 s-1 and 3.2 9 10-10 m, respectively [13]. In a study [12] on the temperature

dependence of the �OH ? aromatic molecule reactions, 2.2 9 10-10 m and

2.3 9 10-9 m2 s-1 were used for r�OH and D�OH, respectively (Table 1). For the

numerical values of DSO4�- and rSO4�-, Rickman and Mezyk [14] suggested

1.1 9 10-9 m2 s-1 and 2.2 9 10-10 m, respectively. For the diffusion coefficient

and the reaction radius of the hydrogen atom, rH� = 1.9 9 10-10 m and

DH� = 7 9 10-9 m2 s-1 were used in several papers (e.g., [15]). In the paper of the

latter authors, rCl��2
= 1.85 9 10-10 m and DCl��2

= 1.41 9 10-9 m2 s-1 were used

in the calculation of the diffusion controlled rate constant of Cl2�-. We assumed the

same reaction radius and diffusion coefficient values for Cl2
�- and CO3

�-. The values

for eaq
- were taken from the book of Swallow [7].

The diffusion controlled rate constants for a given radical should vary with size

and structure of the reacting organic molecule. However, these variations are

probably small and the expected values do not change more than 10–20 %. In the

following, when interpreting the rate constants, we use the same kdiff for a radical,

independent of the reaction partner organic molecule [13]. kdiff is the highest for eaq
-

and H� reactions, due to the fast diffusion of these species in the matrix. It is the

lowest for the heaviest, SO4
�-. The kdiff values in the table are in reasonably good

agreement, with the highest reliable rate constants measured for �OH, H�, Cl2
�- and

CO3
�- reactions, respectively. The kdiff values for eaq

- and SO4
�- reactions seem to be

slightly underestimated. The charges of the reactants and ionic strength effects also

influence the reaction rates.

When the two reactants, the attacking radical and the organic molecule, approach

each other by diffusion, the rate of the chemical step is basically determined by the

Top Curr Chem (Z) (2016) 374:50
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chemical properties of the organic molecule. The rate constant of the chemical

reaction (kchem) can be estimated by the Noyes relation [16]:

1=kobsd
¼ 1=kdiff

þ 1=kchem
ð8Þ

In the equation, kobsd and kdiff stand for the observed and the diffusion controlled

rate constant. The rate constant of the chemically activated reaction, kchem, is the

rate constant that would be measured if diffusion of the species was not rate

influencing [11]. Due to the diffusion limitation, kchem often shows much wider

structural variation than kobsd. This is especially true for radicals that can react with

kobsd close to the diffusion limitation [16].

The rate constants of hydrated electrons, hydrogen atoms and hydroxyl radicals,

published until 1988, are collected in the work of Buxton et al. [17]; an updated

version is available on the internet. The data for inorganic radicals other than �OH,

eaq
- and H� have been compiled by Neta et al. [18].

2.3 Reactions of the Hydroxyl Radical

During water treatment by ionizing radiation, and in practically all of the other

Advanced Oxidation Processes (AOP), hydroxyl radical is suggested to be the main

reactive intermediate that induces the degradation of organic molecules. Due to its

central role in different AOPs, the kinetics and mechanism of �OH reactions with a

large variety of organic pollutants have been detailed in a large number of

publications. Here we give only a short overview.

In laboratory experiments, the primary processes of �OH reactions are mostly

studied in N2O purged solutions (in the absence of dissolved O2) in order to convert

the hydrated electron into hydroxyl radical in Reaction (9). H� reacts slowly with

N2O [6].

e�aq þ N2O þ H2O ! �OH þ OH� þ N2 k9 ¼ 9:1 � 109 mol�1 dm3 s�1 ð9Þ

In biochemical type investigations, when the presence of dissolved O2 is needed, the

experiments are often carried out in N2O:O2 mixtures with 4:1 ratio. Under these

conditions, the hydrated electrons are converted to �OH, but the aqueous solutions

have dissolved O2 concentrations, just like under normal aerated conditions.

In reaction with dissolved organic molecules, �OH may react in three different

ways: direct electron transfer, abstraction of H-atoms from C–H bonds, and addition

to the double bonds. Although the standard reduction potential of �OH is high

(E0(�OH/OH-) = 1.9 V vs. NHE, Table 2), direct electron transfer is rarely observed,

and when it is observed, intermediate complexes are likely to be involved [21].

Electron transfer may take place in �OH reaction with phenolates, although the

electron transfer is also in competition with radical addition to the ring. These

reactions are shown in the example of phenoxide in (10) and (11). The rate constant of

the C6H5O- ? �OH reaction is (k10 ? k11) = 9.6 9 109 mol-1 dm3 s-1 [13].

C6H5O� þ �OH ! C6H5O� þ OH� ð10Þ

Top Curr Chem (Z) (2016) 374:50
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C6H5O� þ �OH ! �C6H5OHO� ð11Þ

The rate constants of H-atom abstraction reactions are generally in the 1 9 107–

1 9 109 mol-1 dm3 s-1 range. The reactions take place with a considerable

selectivity: the rates increase in the order primary\ secondary\ tertiary H-atom.

Here, we show the reactions with methanol, ethanol, isopropanol and tert-butanol

[22]. In methanol and tert-butanol, three or nine primary H-atoms, respectively, are

available for H-abstraction (bond dissociation energies 402 kJ mol-1 and

418 kJ mol-1 [23]), and in ethanol and isopropanol there are two secondary and one

tertiary C–H bonds (389 and 384 kJ mol-1), respectively, as preferred sites of H-

abstraction. H-abstraction from the alcoholic OH also takes place, albeit with low

weight [21].

�OH þ CH3OH ! H2O þ� CH2OH k12 ¼ 9 � 108 mol�1 dm3 s�1 ð12Þ

�OH þ CH3CH2OH ! H2O þ CH�
3CHOH k13 ¼ 2:2 � 109 mol�1 dm3 s�1

ð13Þ

�OH þ CH3ð Þ2CHOH ! H2O þ CH3ð Þ2C�OH k14 ¼ 2 � 109 mol�1 dm3 s�1

ð14Þ

�OH þ CH3ð Þ3COH ! H2O þ� CH2C CH3ð Þ2OH

k15 ¼ 6:2 � 108 mol�1 dm3 s�1 ð15Þ

The a-hydroxymethyl, a-hydroxyethyl and a-hydroxyisopropyl radicals that form in

H-abstraction from methanol, ethanol and isopropanol, respectively, [Reactions

(12–14)] exhibit reducing character (Table 2). The radical formed in reaction with

tert-butanol (15) is a non-reducing radical. In the presence of dissolved O2, the alkyl

radicals transform to peroxides and the degradation may take place by Russel/

Bennett mechanism [24].

Table 2 One-electron

reduction potentials vs. normal

hydrogen electrode (NHE) of

some radicals used in radiation

chemical studies [19, 20]

Pair E�, V

aq/eaq
- -2.9

Haq
? /H� -2.42

(CH3)2CO, H?/(CH3)2
� COH -1.39

CH3CHO, H?/CH3
� CHOH -1.25

CH2O, H?/�CH2OH -1.18

O2/O2
�- -0.33

HO2
� , H?/H2O2, pH 0 1.48

CO3
-�,H?/HCO3

-, pH 7 1.78
�OH/OH- 1.9

Cl2
�-/2 Cl- 2.1

SO4
�-/SO4

2- 2.43

Cl�/Cl- 2.6
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Due to its electrophilic nature, �OH reacts readily with C=C and C=N double

bonds, but not with C=O double bonds, which are electron-deficient at the carbon

atom, where the hydroxyl radical prefer to add. The rate constants of reactions with

aromatics (Table 3) are in a narrow range, between 2 9 109 mol-1 dm3 s-1 and

1 9 1010 mol-1 dm3 s-1 [13]. These k�OHs are close to the diffusion controlled limit

of kdiff, �OH = 1.1 9 1010 mol-1 dm3 s-1 (Table 1). The k�OHs show some regular

Table 3 Rate constants of selected �OH reactions in mol-1 dm3 s-1 units

Compound Rate constant References

Benzene 7.8 9 109 Selected [13]

Phenol 8.4 9 109 Selected [13]

p-Cresol 9.2 9 109 Selected [13]

Aniline 8.6 9 109 Selected [13]

Chlorobenzene 5.6 9 109 [12]

Nitrobenzene 3.5 9 109 Average [13]

Benzoic acid 1.9 9 109 [12]

Benzoate ion 5.9 9 109 Recommended [17]

17b-estradiol 5.3 9 109 [25]

p-Nonylphenol 1.1 9 1010 [26]

Bisphenol 6.9 9 109 [27]

Dimethyl-phthalate 3.4 9 109 [28]

2,4-Dichlorophenol 6.0 9 109 Average [29]

2,4-Dichlorophenoxyacetic acid 5.5 9 109 Recommended [29]

Atrazine 2.4 9 109 Recommended [29]

Simazine 2.6 9 109 Average [29]

Prometon 2.8 9 109 Average [29]

Fenuron 8.3 9 109 Recommended [29]

Monuron 7.3 9 109 [29]

Diuron 6.0 9 109 Average [29]

Chloramphenicol 2.5 9 109 [30]

Sulfacetamide 5.3 9 109 [31]

Sulfamethoxazole 8.5 9 109 [32]

Sulfamethazine 8.3 9 109 [32]

Penicillin G 8.1 9 109 Average [33–35]

Amoxicillin 7 9 109 Average [14, 35, 36]

Ampicillin 7.5 9 109 Average [33, 36]

Cloxacillin 7.1 9 109 Average [33, 36]

Salicylic acid 1.07 9 1010 [37]

Paracetamol 5.6 9 109 [38]

Diclofenac 8.12 9 109 [39]

Ketoprofen 4.6 9 109 [39]

Ibuprofen 6.1 9 109 [39]

Acid Red 265 9.3 9 109 [40]

Acid Blue 62 1 9 1010 [41]
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trend with the Hammett substituent constants, but the logarithms of the rate

constants do not give straight lines as a function of the substituent constants,

because the k�OHs are controlled by both the chemical reactivity and the diffusion.

The logarithms of rate constants corrected for diffusion (Eq. 8), however, show

linear correlation with rp for monosubstituted benzenes (Fig. 1) and para-

substituted phenols [13]. The negative slope in Fig. 1, q = -0.82, shows

electrophilic reaction. The absolute value of q is smaller than that found in Cl2
�-

(-1.5 [42]) and Br2
�- (-1.1 [43]) reaction with aromatic molecules or in �NH2 (-3.3

[44]) reaction with phenoxide ions. The smaller negative q is due to the low

selectivity and high reactivity of �OH.

As the first step, the reaction between the hydroxyl radical and the aromatic

molecule (PhX) leads to the formation of a loosely bound p-complex in a reversible

reaction [12]. The complex may dissociate, or transform to a r-complex

(hydroxycyclohexadienyl radical).

�OH þ PhX � p�PhXOH� ! r�PhXOH� ð16Þ

In aromatic compounds, electron-donating substituent directs �OH into the ortho-

and para-positions; in the case of the electron withdrawing substituents, meta-

addition is preferred [45, 46]. The regioselectivity of hydroxyl radical addition

reaction may occur in the transition from the p-complex to the r-complex [21].

Addition to the ipso-position, presumably due to steric reasons generally has low

weight [47]. In the case of phenol, ipso-, ortho-, meta- and para-additions take place

with probabilities of 0.08, 0.50, 0.08 and 0.34, respectively.

Fig. 1 Correlation between the log k�OH, chem-values and the rp Hammett substituent constants for
monosubstituted benzenes {data from Table 3 [corrected for diffusion, (Eq. 8)] and Ref. [13]}: 1.
phenoxide, 2. aniline, 3. phenol, 4. toluene, 5. phenylacetate ion, 6. ethylbenzene, isopropylbenzene, 7.
acetanilide, 8. benzoic acid ion, 9. phenethylalcohol, 10. benzene, 11. benzyl alcohol, 12. fluorobenzene,
13. iodobenzene, 14. bromobenzene, 15. chlorobenzene, 16. benzenesulfonate ion, 17. benzamide, 18.
benzaldehyde, 19. benzoic acid, 20. a-methylbenzyl-ammonium ion, 21. acetophenone, 22.
benzenesulfonic acid, 23. benzylammonium ion, 24. benzenesulfonamide, 25. anilinium ion, 26.
benzonitrile, 27. nitrobenzene
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In �OH addition to the aromatic ring, a carbon centered hydroxycyclohexadienyl

type radical forms; the fate of this radical is determined by the substituents on the

ring, on the pH of the solution and also on the dissolved O2 concentration. In neutral

O2-free solutions, these radicals mainly terminate in slow radical–radical reactions.

When the starting molecule is a phenol type compound (Scheme 1), in acid/base

catalyzed reactions, water elimination and phenoxyl radical formation is the

preferred reaction, especially at low and high pH values [48–50]. Cyclohexadienyl

type radicals readily react with dissolved O2, and the rate constants are in the

1 9 108–1 9 109 mol-1 dm3 s-1 range [51]. The O2 addition is fast and the adduct

is relatively stable when there is an electron donating substituent on the ring; the

opposite is true for electron withdrawing substituent. It is generally assumed that the

ring-opening takes place from a peroxyl radical structure [52–54]. Scheme 1 shows

ortho-addition to phenol and the reaction of the carbon centered hydroxycyclo-

hexadienyl radical with dissolved O2. The HO2
� elimination from the peroxyl radical

is in competition with the ring-opening degradation.

The dissolved organic carbon (DOC) uses up a large fraction of available �OH in

AOP; therefore, several measurements are published for the �OH ? DOC reaction.

Although the characteristics (average molecular mass, composition, etc.) of DOC of

different origin may differ considerably, the rate constants determined fall in a

narrow range: 1.1 9 104–3 9 104 mgC-1 dm3 s-1. Westerhoff et al. [5] determined

k�OH, DOC of 1.3 9 104 mgC-1 dm3 s-1 for the standard fulvic acid from the

Suwannee River. Lutze [55] gives a k�OH, DOC of 1.14 9 104 mgC-1 dm3 s-1. The

DOC� intermediates in pulse radiolysis were formed on the microsecond timescale

and decayed on the millisecond timescale [5].

Scheme 1 Perhydroxyl radical elimination from the peroxyl radical in phenol oxidation
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2.4 Reactions of the Hydrated Electron and Hydrogen Atom

Hydrogen atom (H�) and hydrated electron (eaq
- ) compose an acid/base pair with a

pKa of 9.1 [6]. Both the forward and the backward reactions (17) and (-17) are

relatively slow, and due to the short lifetime of eaq
- , these reactions do not have

much importance in pulse radiolysis investigations [56]. In steady-state experi-

ments, however, the H�?eaq
- conversion may have some effect on the product yields

in alkaline solutions:

e�aq þ H2O � OH� þ H� k17 ¼ 1:9 � 101 mol�1 dm3 s�1 ð17Þ

k�17 ¼ 2:5 � 107mol�1 dm3 s�1 ð�17Þ

eaq
- is characterized by a strong light absorption band centered at 720 nm and a

maximum molar absorption coefficient of *20,000 mol-1 dm3 cm-1. The majority

of the oscillator strength is derived from the optical transitions from the equilibrated

s state to a p-like excited state. This very strong transient absorption band is used for

the determination of eaq
- reaction rate constants by pulse radiolysis [21].

eaq
- reactions are generally investigated in the 3.5–9 pH range with an additive

that removes �OH. For this purpose, mostly 0.1–1 mol dm-3 tert-butanol is applied:

in such solutions, in reaction (15) �OH is converted to �CH2C(CH3)2OH, and the

latter radical has low reactivity with most of the solutes [57]. This technique is often

very useful for pulse radiolysis experiments. It should be emphasized, however, that

the tert-butanol-derived radicals are not always unreactive with certain substrates on

the timescale of 60Co c-radiolysis experiments, where the lifetime of radicals is

several orders of magnitude longer than under pulse radiolysis [58]. Therefore, the

disadvantage of tert-butanol is that �CH2C(CH3)2OH may react with the other

radical intermediates present.

In reactions with organic molecules, eaq
- reacts as a nucleophile (standard one-

electron reduction potential E0(aq/eaq
- ) = 2.9 V, Table 2). It reacts preferentially

with low-lying vacant molecular orbital structures, such as aromatic hydrocarbons,

conjugated olefins, carboxyl compounds, and halogenated hydrocarbons

[6–10, 57–59]. Its reactivity is greatly enhanced by an electron withdrawing

substituent adjacent to the double bonds or attached to the aromatic rings.

eaq
- reacts with many compounds that are capable of releasing an anion by

dissociative electron capture; these reactions can occur only when single bonds are

involved in the process [21]. In a number of reactions that are written as dissociative

electron attachment, however, short-lived radical anions are the intermediates.

Typically, these reactions take place with halogenated compounds, where the

electron ‘scavenging’ at the halogen site is followed by the elimination of the halide

ion. The reaction with chlorobenzene is assumed to be a two-step process via an

intermediate radical anion [Reaction (18)]. The first step is electron addition to the

vacant orbital, bond breakage occurs rapidly and the overall reaction essentially

appears as a dissociative electron capture process with elimination of the halide ion

Cl- [6, 60]:
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e�aq þ C6H5Cl ! ½C6H5Cl��� ! C6H�
5 þ Cl� k18 ¼ 5 � 108 mol�1 dm3 s�1

ð18Þ

Compounds with high electron affinity (e.g., nitro- and cyano-derivatives) react with

eaq
- with diffusion-controlled rate constants of *2.5 9 1010 mol-1 dm3 s-1

(Tables 1, 4) with formation of the corresponding radical anions. The rate constants

with aldehydes and ketones are *4 9 109 mol-1 dm3 s-1. The electron is

accommodated on the carbonyl carbon. The eaq
- rate constants for the reactions with

carboxylic acids, esters, and amides are in the order of *107 mol-1 dm3 s-1 [17].

Simple olefins do not react with eaq
- at appreciable rates, but compounds with

extended p-electron delocalization react rapidly with the hydrated electron. The

keaq- values of maleates and fumarates, which contain conjugated double bonds

(e.g., O=C(OH)–HC=CH–C(OH)=O), are in the range of diffusion controlled-limit

Table 4 Rate constants of

hydrated electron reactions in

mol-1 dm3 s-1 units

Compound Rate constant References

Benzene 1 9 107 [17]

Phenol 2 9 107 [17]

Aniline 3 9 107 [59]

Chlorobenzene 5 9 108 [60]

Nitrobenzene 3.7 9 1010 [17]

Benzoic acid 7.1 9 109 [17]

Benzoate ion 3.2 9 109 [17]

Dimethyl-phthalate 1.6 9 1010 [28]

2,4-Dichlorophenol 5 9 108 [61]

2,4-Dichlorophenoxyacetic acid 2.5 9 109 [62]

Atrazine 4.8 9 109 [63]

Fenuron *1 9 109 [64]

Diuron 1 9 1010 [65]

Monuron 2.1 9 109 [66]

Chloramphenicol 2.3 9 1010 [30]

Sulfamethoxazole 1 9 1010 [32]

Sulfamethazine 2.4 9 1010 [32]

Penicillin G 2.7 9 109 [67]

Amoxicillin 5.2 9 109 [68]

Ampicillin 5.7 9 109 [67]

Cloxacillin 7.5 9 109 [67]

Salicylic acid 9 9 109 [37]

Paracetamol 5 9 108 [38]

Diclofenac 1.7 9 109 [39]

Ketoprofen 2.6 9 1010 [39]

Ibuprofen 8.9 9 109 [39]

Acid Blue 62 3 9 1010 [41]

Isobutylnaphthalene sulfonate 2.5 9 1010 [69]
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[70, 71]. The radical anion formed protonates instantaneously (Grotthuss mecha-

nism). The protonation reaction results in a carbon-centered radical at the carbonyl.

In reactions with aromatic molecules, eaq
- adds to the ring with formation of a

radical anion. The rate constant is small (*107 mol-1 dm3 s-1) in the case of

benzene and alkylbenzenes, and the process is reversible; eaq
- addition may be

followed by a thermally activated dissociation [21]. This dissociation is in

competition with the anion protonation, in which cyclohexadienyl radical (C6H7
� ) is

produced [Reaction (19)].

e�aq þ C6H6 � C6H�
6 !þHþ

�Hþ
C6H�

7 k19 ¼ 1 � 107mol�1dm3s�1 ð19Þ

keaq- is higher (108–1010 mol-1 dm3 s-1), when an electron withdrawing sub-

stituent, such as –COOH, –Cl, or –NO2 group, is attached to the ring (Table 4). The

rate constants of eaq
- reaction with benzoic acid, chlorobenzene (electron addition

followed by Cl- elimination reaction), and nitrobenzene are 7.1 9 109, 5 9 108 and

3.7 9 1010 mol-1 dm3 s-1, respectively [15, 61].

The H-atom yield in neutral or alkaline solutions is low, G = 0.06 lmol J-1. In

acidic solutions due to the eaq
-?H� conversion in (20), the yield is high, G = 0.34

lmol J-1.

e�aq þ Hþ ! H� k20 ¼ 2:3 � 1010 mol�1 dm3 s�1 ð20Þ

Under radiolysis conditions, the reactions of hydrogen atoms are usually investi-

gated in acidic solutions, below pH 3, in order to convert eaq
- to H� in (20). The �OH

reactions are eliminated by using tert-butanol [Reaction (15)] [57]. The reactivity of

H� with tert-butanol is low (1 9 106 mol-1 dm3 s-1 [72]) and this reaction leaves H�

largely untouched. When the rate constant with the compound of interest (S) is

higher than 1 9 108 mol-1 dm3 s-1, and its concentration is above 1 9 10-3

mol dm-3, the presence of tert-butanol practically does not influence the H� ? S

reaction.

Alam et al. [73] in their pulse radiolysis experiments investigated the H� reactions

with several alcohols in N2O saturated solutions. �OH formed in such system with

0.56 lmol J-1 yield reacted with the alcohols with rate constants an order of

magnitude higher than H�. This high difference in rate constants allowed

differentiating �OH and H� reactions. Using this technique in rate constant

determination, one is not restricted to work in the acidic pH range.

H� and �OH do not absorb the light in the usual wavelength range (200–800 nm)

of pulse radiolysis studies. In transient measurements, the products of H� or �OH

reaction or competitive techniques are used to determine the rate constants.

H� is a slightly less powerful reducing agent than eaq
- (E0(Haq

? /H�) = 2.4 V and

E0(aq/eaq
- ) = 2.9 V). It reduces metal ions with lower reduction potentials, e.g.,

transforms Cu2? to Cu?. There are two main types of H� reactions with most organic

molecules: H-atom abstraction (from saturated molecules) and H-atom addition (to

the double bonds of unsaturated molecules). If there is a competition between

addition and abstraction, addition is preferred [21]. For H� reactions, very few rate

constants are published compared to �OH reactions, and the values are less reliable.
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kH�s determined in different laboratories (and eventually by different techniques)

may differ by more than a factor of two [17, 74]. In Table 5, the tabulated kH�-values

are mostly averages of several determinations.

The rate constants of H-atom abstraction reactions of H� are generally one to

three orders of magnitude smaller than those of �OH; these abstraction reactions

strongly depend on the bond strength in both cases. In the addition reactions, H�

behaves similarly to �OH, i.e., as electrophiles [21, 75]. The rate constants for H�

addition reactions are also similar to �OH reactions, although here �OH is also more

reactive than H�. For aromatics, the kH�s vary in a narrow range, between 7 9 108

and 3 9 109 mol-1 dm3 s-1 [17, 74]. The rate constant of H� reaction with benzene

is 9.1 9 108 mol-1 dm3 s-1. When electron-releasing –OH (in phenol), or –NH2 (in

aniline) group is attached to the benzene ring, kH� increases to 1.7 9 109 and

2.4 9 109 mol-1 dm3 s-1, respectively. However, due to the small number of the

published values and the large uncertainty in the data, a clear log kH�-Hammett

substituent constant relation cannot be established. This is in sharp contrast to the
�OH reactions. In the absence of the necessary data, we do not know anything about

the directing effect of the substituent, so we cannot decide whether ortho-para (like

in electrophiles) or meta (nucleophiles) direction takes place in the H� ? substituted

aromatic molecule reactions. In a study of H� and �OH addition reactions to a large

number of acrylate type olefins, a strong correlation was found between the H� and
�OH addition rate constants [75].

H� reactions may contribute to pollutant degradation in the acidic pH range. Since

in the H� ? organic molecule reactions and also after protonation in the eaq
- ? -

organic molecule reactions [see e.g., Reaction (19)], mainly carbon centered

radicals form, which readily react with dissolved O2, these reductive radicals also

Table 5 Rate constants of

hydrogen atom reactions in

mol-1 dm3 s-1 units

Compound Rate constant References

Methanol 1.1 9 106 [73]

Ethanol 1.7 9 107 [73]

tert-Butanol 1 9 106 [72]

Benzene 9.1 9 108 [17]

Toluene 2.6 9 109 [17]

Phenol 1.7 9 109 [74]

Benzyl alcohol 1.1 9 109 [17]

Aniline 2.4 9 109 [17]

Acetanilide 1 9 109 [17]

Benzoate ion 1.1 9 109 [17]

Benzenesulfonate ion 7.3 9 108 [17]

Benzoic acid 9.2 9 108 [17]

2,4-dichlorophoxyaceteic acid 1.4 9 109 [62]

Chloramphenicol 1 9 109 [30]

Salicylic acid 2.3 9 109 [74]

Ibuprofen 4 9 109 [76]
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contribute to the oxidation of the organic molecules through the formed organic

peroxides [77].

3 Reactions of Radicals Formed in Radical Transfer Reactions

Water radiolysis is originally a ‘hybrid’ process: in the primary processes, equal

amounts of oxidizing and reducing species form. Due to the ‘natural’ impurities

(O2, Cl-, HCO3
-/CO3

2-, etc.), the balance between oxidizing and reducing

intermediates changes quickly, mostly in favor of the oxidizing species. In order

to enhance the oxidizing capacity, the effects of some additives, like ozone,

hydrogen peroxide or persulfate, were also tested in the laboratory or in pilot-

plant experiments.

3.1 Reactions in the Presence of Dissolved Oxygen

When irradiation is used for water treatment, H� and eaq
- mostly disappear in reaction

with the dissolved O2, with rate constants of 1.2 9 1010 and 1.9 9 1010 mol-1 dm3

s-1, respectively [17]:

H� þ O2 ! HO�
2 k21 ¼ 1:2 � 1010 mol�1 dm3 s�1 ð21Þ

e�aq þ O2 ! O��
2 k22 ¼ 1:9 � 1010mol�1dm3s�1 ð22Þ

HO2
� and O2

�- interconvert with a pKa of 4.8 [78]. Due to the high rate constants, the

H� and eaq
- scavenging capacities (k[S], where [S] represents O2 concentration,

2.8 9 10-4 mol dm-3 at 20 �C), are high at 3.4 9 106 and 5.3 9 106 s-1,

respectively. Any solute can compete with the H� ? O2 and eaq
- ? O2 reactions if

the scavenging capacity calculated for the dissolved compound is in this range. With

a diffusion controlled rate constant of *1010 mol-1 dm3 s-1, it requires a solute

concentration of *10-4 mol dm-3. Since this is a high concentration for envi-

ronmental water samples, H� and eaq
- reactions rarely play a determining role in

micropollutant degradation. However, at relatively high solute concentrations, and

at very high dose rates (electron beam irradiation) when considerable O2 depletion

occurs, the H� and eaq
- reactions may not be negligible.

O2
�- is a weak reductant, while HO2

� is a moderate oxidant (Table 2). Unlike �OH,

O2
�- and HO2

� may not directly contribute to the degradation of organic pollutants

[78]. In the absence of suitable reaction partners, O2
�- and HO2

� disappear from the

solution in slow radical–radical reactions giving H2O2; in neutral solutions, the

cross-reaction (24) dominates:

2 HO�
2 ! H2O2 þ O2 k23 ¼ 8:3 � 105 mol�1 dm3 s�1 ð23Þ

HO�
2 þ O��

2 þ H2O ! H2O2 þ O2 þ OH� k24 ¼ 9:7 � 107mol�1dm3s�1

ð24Þ
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3.2 Reactions in the Presence of Hydrogen Peroxide

In aerated solutions, hydrogen peroxide is produced in the reactions of O2
�-/HO2

� pair

with relatively large yield. Under certain conditions, H2O2 can be involved in

reactions with the reactive intermediates generating species that can considerably

influence the degradation of chemical pollutants. However, its effect on the

degradation mechanism is usually neglected, and only a few publications mention

the possible role of H2O2 in the degradation [79, 80]. In gamma radiolysis

experiments conducted in the presence of dissolved O2 in purified water, H2O2

forms with a yield of 0.3 lmol J-1. At doses[ 1 kGy, the H2O2 concentration-dose

curve reaches a plateau due to the competition between formation and decompo-

sition. H2O2 in (25) transforms the reductive eaq
- to the oxidizing �OH.

e�aq þ H2O2 ! �OH þ OH� k25 ¼ 1:1 � 1010 mol�1 dm3 s�1 ð25Þ

In real water treatment scenarios, in the presence of traces of transition metal ions,

H2O2 is expected to disappear in Fenton-like reactions. In experiments when a few

times 10-3 mol dm-3 H2O2 was introduced into the solution to be irradiated,

considerable increases in the degradation rates were found [80].

3.3 Reactions in the Presence of Ozone

Ozonization is a commonly employed method for the treatment of waters and

wastewaters (e.g., to improve quality of drinking water or as a pre-treatment step to

biodegradation). O3 reacts with dissolved organic molecules with two basically

different reaction mechanisms: it may react directly with the solute molecules or

through its decomposition products. In direct reaction, addition to double bonds,

insertion into r bonds, oxygen atom transfer, charge transfer, or hydrogen atom

abstraction can take place. The latter reaction is characteristic to molecules in which

the electron withdrawing groups decrease the C-H bond strength (aldehydes, acids,

amines). The rate constants of the O3 ? organic molecule reactions vary between

many orders of magnitude (10-2–108 mol-1 dm3 s-1). In the case of aromatic

molecules, electron donating substituent increases, and electron withdrawing

substituent decreases the rate constant [81].

In the presence of ozone/oxygen, the primary water radiolysis intermediates, H�

and eaq
- , react quickly with O3 with rate constants in the 1010 mol-1 dm3 s-1 range.

The rate constant of the �OH ? O3 reaction is 1.1 9 108 mol-1 dm3 s-1 [17]. The

reactions involving dissolved O3 result in reactive intermediates, among which is

the highly oxidizing �OH [82–84]. The injection of O3 before or during irradiation

converts the reducing species of water radiolysis into the key intermediate, i.e., the

ozonide radical anion (O3
�-), responsible for enhancing the �OH yield in this system.

Here a simplified reaction mechanism is shown [85, 86]:

H� þ O3 ! HO�
3 k26 ¼ 2:2 � 1010mol�1dm3s�1 ð26Þ

HO�
3 ! O��

3 þ Hþ ð27Þ
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O��
3 � O�� þ O2 �!þH2O �OH þ OH� þ O2 ð28Þ

e�aq þ O3 ! O��
3 k29 ¼ 3:6 � 1010 mol�1 dm3 s�1 ð29Þ

�OH þ O3 ! HO�
2 þ O2 k30 ¼ 1:1 � 108 mol�1 dm3 s�1 ð30Þ

O��
2 þ O3 ! O��

3 þ O2 k31 ¼ 1:5 � 109 mol�1 dm3 s�1 ð31Þ

As a consequence of these reactions, almost all of the radiation energy is now used

for �OH generation, resulting in great enhancement of the degradation rate, as was

demonstrated in laboratory and pilot plant experiments [83, 87].

3.4 Reactions of the Chloride Atom and Dichloride Radical Anion

�OH reacts in fast reaction with Cl- ions forming ClOH�- complex (Reaction 32),

with an equilibrium constant of 0.70 ± 0.13 mol-1 dm3. In acidic media (below pH

5–6), ClOH�- may transform to Cl� [Reaction (34)]. Cl� is a strong oxidant that can

react directly with dissolved organic material (E0(Cl�/Cl-) = 2.6 V). However, in

rapid complexation (35) with Cl-, Cl� may transform to the dichloride radical anion

(Cl2
�-). Cl2

�- is also a strong oxidant with standard one-electron reduction potential of

E0(Cl2
�-/2 Cl-) = 2.1 V [42].

The reactions of Cl2
�- are often investigated in N2O-saturated solutions at high

Cl- concentration relative to the compound of interest (S), where most of �OH are

scavenged by Cl-, forming Cl2
�-. The pH of the solution is adjusted to the acidic

range (pH 2–4) to ensure the efficient formation of Cl2
�-. Manifold reactions proceed

in such a system [17, 88].

�OH þ Cl� � ClOH�� k32 ¼ 4:3 � 109 mol�1 dm3 s�1 ð32Þ

k�32 ¼ 6:1 � 109 s�1 ð�32Þ

ClOH�� þ Hþ
� HOClHð Þ� k33 ¼ 3 � 1010 mol�1 dm3 s�1 ð33Þ

k�33 ¼ 1 � 108 s�1 ð�33Þ

HOClHð Þ� � Cl� þ H2O k34 ¼ 5 � 2ð Þ � 104 s�1 ð34Þ

k�34 ¼ 2:5 � 105 s�1 ð�34Þ

Cl� þ Cl� � Cl��2 k35 ¼ 8:5 � 0:6 � 109 mol�1 dm3 s�1 ð35Þ

k�35 ¼ 6:0 � 0:5 � 104 s�1 ð�35Þ

K ¼ k35=k�35 ¼ 1:4 � 105 mol�1 dm3 ð36Þ

Cl��2 þ H2O � HOClHð Þ�þ Cl� k37 ¼ 1300 s�1 ð37Þ
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k�37 ¼ 8 � 2ð Þ � 109 mol�1 dm3 s�1 ð�37Þ

Cl��2 þ S ! products k38 ð38Þ

Cl� þ S ! products k39 ð39Þ

Cl2
�- has an absorption maximum at 340 nm with e340 = 9600 mol-1 dm3 cm-1, the

absorbance of Cl� is negligible at this wavelength (albeit e340 nm is relatively high,

3800 mol-1 dm3 cm-1, the Cl� concentration in equilibrium is very low). When a

compound of interest is present in the system (S), the decay of the 340-nm band

obeys first-order kinetics. In laboratory experiments, at the usual Cl- concentration

(0.1–1 mol dm-3), equilibrium (35) is assumed to be attained. If so, kobs (the decay

rate constant of the 340-nm band) can be expressed as (40) when k35[Cl-] ? k-

35 � (k38 ? k39)[S] ? k37 ? k-34 and K[Cl-] � 1 (for obtaining the exact rate law

and derivation of (40), we refer to Buxton et al. [89]):

kobs ¼ k37 þ k�34= K Cl�½ �ð Þ þ k39= K Cl�½ �ð Þð Þ þ k38f g S½ � ð40Þ

In the �OH ? Cl- system, at sufficiently high Cl- concentration in the acidic pH

range the Cl2
�- species dominates, and in the neutral or alkaline pH range the �OH

dominates [90, 91]. In laboratory radiolysis experiments, in the neural or alkaline

pH ranges, the Cl�/Cl2
�- species can also be produced in reactions with sulfate radical

anions:

SO��
4 þ Cl� � SO2�

4 þ Cl� k41 ¼ 3:2 � 108 mol�1 dm3 s�1 ð41Þ

k�41 ¼ 2:5 � 108 mol�1 dm3 s�1 ð�41Þ

When Cl2
�- is produced in the SO4

�- ? Cl- reaction, the absorbance of SO4
�- slightly

disturbs the observation of the Cl2
�- intermediate in pulse radiolysis, and SO4

�- has

also a wide absorption band with kmax = 450 nm and e450 nm = 1630 ± 180 mol-1

dm3 cm-1 [91].

Under the usual experimental conditions in aqueous solutions, it is rather

complicated to study the Cl� reactions [90, 92] due to the rapid complexation

reaction (35). For this purpose, photolysis of Cl2 is recommended in Cl- free

systems.

Cl2 þ hv ! 2Cl� ð42Þ

In purified water, in the absence of suitable reactants, Cl2
�- may disappear from

the solution in disproportionation reaction:

Cl��2 þ Cl��2 ! Cl2 þ 2Cl� 2k43 ¼ 1:47 � 109 mol�1 dm3 s�1

zero ionic strength 88½ �ð Þ
ð43Þ

The reaction of Cl� with benzene takes place with a rate constant of *1 9 1010

mol-1 dm3 s-1 [92]. It is assumed in the first step to produce p-complex that may

transform to r-complex (chlorocyclohexadienyl radical). This reaction and the

transformation of the p-complex to the r-complex was investigated several times in
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organic phases. In aqueous system, the transformation is too fast to observe the p-

complex directly by the usual experimental techniques (Scheme 2).

The rate constants of Cl2
�- reactions with organic molecules are much smaller

than the diffusion controlled limit of c.a. 7.3 9 109 mol-1 dm3 s-1 (Table 1). Cl2
�-

can abstract an H-atom from aliphatic compounds (see methanol, ethanol, 2-

propanol in Table 6) with rate constants between 103 and 105 mol-1 dm3 s-1 [18].

Olefinic compounds react with Cl2
�- by three orders of magnitude more rapidly than

the saturated analogues [42]. The reaction with olefins occurs with Cl-addition and

the kCl�2
0s are in the 105–108 mol-1 dm3 s-1 range. Addition to the aromatic ring

may also take place with kCl2- of B107 mol-1 dm3 s-1, but the direct oxidation of

the aromatic ring by electron transfer seems to be the predominant pathway, and

electron-donating functional groups such as –OH, –OCH3 or –NH2 on the aromatic

ring enhance the rate of oxidation.

Scheme 2 Cl� reaction with benzene

Table 6 Rate constants of Cl2
�-

reactions with organic molecules

in mol-1 dm3 s-1 units

Compound Rate constant References

Methanol 3.5 9 103 [42]

Ethanol 4.5 9 104 [42]

2-Propanol 1.2 9 105 [42]

Acetic acid \104 [42]

Fumaric acid 1.2 9 105 [93]

Fumaric acid, monoanion 2.0 9 106 [93]

Fumaric acid, dianion 4.5 9 106 [93]

Maleic acid 1.7 9 106 [93]

Maleic acid, monoion 1.25 9 106 [93]

Maleic acid, dianion 3.4 9 106 [93]

Benzene \105 [92]

Benzenesulfonic acid \105 [23]

Benzonitrile \105 [42]

Benzoic acid 2 9 106 [42]

Phenol 2.8 9 108 [42]

Aniline 1.2 9 107 [42]

Acetanilide *2 9 107 [42]

Salicylic acid 1.1 9 108 [42]

Pinene 1.7 9 108 [94]
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In the Cl2
�- ? phenol reaction, chlorinated phenols were observed among the

final products. The formation of these highly poisonous compounds underlines the

importance of studying Cl2
�- reactions.

3.5 Reactions of the Carbonate Radical Anion

The pKa of the bicarbonate/carbonate transition is at 10.33; in the neutral or slightly

alkaline solution, the bicarbonate ion dominates.

CO2 þ H2O � H2CO3 �
�Hþ

þHþ

pKa ¼ 6:37

HCO�
3 �

�Hþ

þHþ

pKa ¼ 10:33

CO2�
3 ð44Þ

In �OH reactions with CO3
2- and HCO3

-, carbonate radical anion forms (CO3
�-)

[95]. The reactions with these species (45, 46) generally strongly reduce the amount

of �OH reacting with the target organic molecules.

�OH þ CO2�
3 ! CO��

3 þ OH� k45 ¼ 3:9 � 108 mol�1 dm3 s�1 ð45Þ

�OH þ HCO�
3 ! CO��

3 þ H2O k46 ¼ 8:5 � 106 mol�1 dm3 s�1 ð46Þ

Co NH3ð Þ4COþ
3 þ hm ! CO��

3 þ Co2þ þ 4 NH3 ð47Þ

In laboratory experiments, the carbonate radical anion can also be produced

according to Reaction (47), in 254 nm photolysis of cobalt(III)-tetraaminocarbonate

ion (Co(NH3)4CO3
?) [96, 97]. Canonica et al. [98] suggested the reaction of pho-

togenerated triplet aromatic ketones with carbonate ions to produce the carbonate

radical anion. This photosensitization reaction may have a significant role in the

production of CO3
�- in aquatic environment.

The carbonate radical anion is present in sunlit surface waters [3, 98]. CO3
�- is a

more selective oxidant than �OH [99], and its self-termination reaction (48) is

relatively slow [100], leading to one or two orders of magnitude higher steady-state

concentrations compared to �OH. The concentration of CO3
�- will be a function of

hydroxyl radical production rates, and the relative proportion of scavenging by DOC

or carbonate/bicarbonate. The rate constant of carbonate radical anion reaction with

the dissolved organic matter is two orders of magnitude lower than that of the �OH

reaction ((280 ± 80) mgC dm3 s-1, Suvannee River fulvic acid [98]).

CO��
3 þ CO��

3 ! CO2 þ CO2�
4 k48 ¼ 2 � 107 mol�1 dm3 s�1 ð48Þ

CO3
�- has received much attention as a possible intracellular oxidant, because it is

formed efficiently under physiological conditions, e.g., by reaction of peroxynitrite

(OONO-/HOONO, pKa = 6.6) with carbon dioxide [3, 101, 102]:

�NO þ O��
2 ! ONOO� k49 ¼ 1:9 � 1010 mol�1 dm3 s�1 ð49Þ

ONOO� þ CO2 ! 0:65 NO�
3 þ 0:65 CO2 þ 0:35�NO2 þ 0:35 CO��

3 ð50Þ
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The carbonate radical anion is also a strong one-electron oxidant: the relevant redox

pair is the carbonate radical anion/bicarbonate anion (Table 2). The one-electron

reduction potential of the pair is E0(CO3
-�,H?/HCO3

-) 1.78 V vs. NHE at pH 7.

CO3
�- has a C2v planar structure with the unpaired electron highly centered in the

oxygen 2p orbital (Scheme 3) [101].

By analogy to the carbonate and bicarbonate anions, CO3
�- was believed to

undergo protonation in the neutral pH range. Although the pKa value of the

carbonate radical anion has remained under discussion for many years, pulse

radiolysis studies of Czapski et al. published in 1999 [100], have established that it

is a very strong acid: the pKa of the radical is suggested to be below zero. Therefore,

CO3
�- is the only relevant carbonate radical species to be considered in most aquatic

chemistry applications [98]:

CO3H�
� CO��

3 þ Hþ pKa\ 0 ð51Þ

The CO3
-� exhibits a broad transient absorption spectrum in the visible

wavelength range with kmax at 600 nm, emax = 1860 mol-1 dm3 cm-1 [18]. In

pulse radiolysis and photolysis, CO3
�- is produced in reactions (46) and (47),

respectively, and the decay of the 600 nm band is used for rate constant

determination. In competition kinetics system, Huang [3] employed three kinds of

competition by N,N-dimethylaniline (DMA), p-chloroaniline (PCA) and p-nitroani-

line (PNA), and their concentration was monitored by HPLC. The rate constants of

CO3
�- to competitors are 1.6 9 109, 4.3 9 108, and 7.3 9 107 mol-1 dm3 s-1 for

DMA, PCA and PNA, respectively [17]. These competitors can be used to measure

kCO3•- of probes to carbonate radical in the range of 105–1010 mol-1 dm3 s-1 [3].

CO3
�- reacts more slowly with organic molecules than with �OH [17, 18, 111].

The rate constants were found to be in the 102–109 mol-1 dm3 s-1 range (Table 7).

The largest values are smaller by a factor of two to five than the diffusion limited

rate constant (kdiff & 7.3 9 109 mol-1 dm3 s-1, Table 1). In some cases, the kCO��
3

s

determined in different laboratories for the same compound differ considerably,

e.g., for benzene, values of 3 9 103 and 3.2 9 105 mol-1 dm3 s-1 are published by

Chen et al. [103] and Umschlag and Herrmann [104], respectively. At the same

time, these authors gave similar values for toluene, 4.3 9 104 and 6.8 9 104

mol-1 dm3 s-1. All five values published for aniline are very close to each other,

with an average of (6.5 ± 0.7) 9 108 mol-1 dm3 s-1 [98, 103, 107, 109, 110]. In

pH dependence studies, Chen et al. [103] observed an order of magnitude increase

in kCO��
3

when the pH passed through the pKa of phenol (10.2).

Most CO3
�- reactions are oxidations by both electron transfer and hydrogen

abstraction mechanisms that produce radicals from the targets [112]. Oxygen (O-)

Scheme 3 The suggested
structure of CO3

�-
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transfer reaction is reported to occur when CO3
�- reacts with itself [Reaction (48)] or

with another radical. The rate constants for H-abstraction are generally low

(alcohols, primary amines, thiols), e.g., for ethanol kCO��
3

= 2.0 9 104 mol-1 -

dm3 s-1. They decrease with C-H bond strength, and increase as the number of

reactive bonds increases [99].

The rates of reactions with aromatic compounds show a correlation with the

Hammett substituent constants with a negative q value [103, 108, 113]. Based on

this observation, using the analogy of �OH reactions, CO3
�- addition to the aromatic

ring was suggested as the rate determining step in the overall reaction [101]. The

addition complexes, however, are very unstable and decay too fast to be observed

[108, 112].

Carbonate radical as a selective oxidant readily reacts with electron rich aromatic

phenols and anilines [114]. According to the suggestion of Huie et al. [105], phenol

oxidations generally take place thorough the abstraction of the phenolic H-atom,

and the phenolates react via intermediate adduct formation. In the case of anilines,

the rate-determining step is the removal of an electron by CO3
�-, that electron most

likely being one of those associated with the basic nitrogen atom, to produce the

nitrogen centered radical cation and CO [109, 114]. The formed radical can be

stabilized through conjugation. During flash photolysis, a transient absorption

observed was attributed to anilino radical [109]. CO3
�- was also found to be capable

of the one-electron oxidation of several amino acids and proteins [115].

Table 7 Rate constants of CO3
-� reactions with organic molecules in mol-1 dm3 s-1 units

Compound Rate constant References

Methanol 5.0 9 103 [99]

Ethanol 2.0 9 104 [99]

Isopropanol 5.0 9 104 [99]

Benzene 3.0 9 103; 3.2 9�105 [103, 104]

Toluene 5.6 9 104 Average [103, 104]

Chlorobenzene (2.7 ± 0.6) 9 105 [104]

Phenol 5.9 9 106; 1.2 9 108 (pH 9) [103, 3]

Phenoxide 5.0 9 107; 2.7 9 106; 4.7 9 108; 3.3 9 108;

2.4 9 108
[103, 105, 106, 107], 108]

Aniline (6.5 ± 0.7) 9 108 Average

[98, 103, 107, 109, 110]

N,N-

Dimethylaniline

1.6 9 109 Average [103, 107]

Nitrobenzene 1.4 9 �104 [104]

Benzonitrile \1.3 9 �102 [104]

Methionine 1.2 9 108 [105]

Fenuron 5.4 9 106 [98]

Monuron 1.5 9 107 [98]

Diuron 8.3 9 106 [98]

Atrazine 3.8 9 106 Average [98, 110]
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Although the second order rate constants are low for simple aliphatic molecules

(k\ 105 mol-1 dm3 s-1), they are higher (k = 106–107 mol-1 dm3 s-1) for sulfur

compounds such as methionine [105, 113]. The proposed mechanism involves

abstraction of an electron on sulfur to form a radical cation, which is then oxidized

by dissolved O2 to sulfoxide (R1-S(O)-R2) [3]. The other possibility is CO3
�-

addition to the sulfur, producing the corresponding perthyil radical and then the

thyil radical cation.

In surface waters, carbonate radical reactions may be a significant means of

transformation of pollutants whose rate constants with CO3
�- are above 5 9 106–

1 9 107 mol-1 dm3 s-1 [98]. CO3
-� is assumed to play an important role by limiting

the persistence of sulfur-containing compounds, reactive pesticides, pharmaceuti-

cals, etc., given the higher steady-state concentration.

3.6 Reactions of the Sulfate Radical Anion

In a number of publications, SO4
�-, the sulfate radical anion (E�(SO4

�-/

SO4
2-) = 2.43 V vs. NHE) is considered as a strong oxidant in water treatment

[55, 116–119]. SO4
�- has some unique features, such as being a very strong electron

acceptor enabling the degradation of recalcitrant compounds that are refractory to
�OH. One example is perfluorinated carboxylic acids, which can slowly be degraded

by SO4
�-, but persist in other AOPs. This indicates that SO4

�--based oxidation may

complement more common (�OH-based) AOPs.

SO4
�- may be produced in thermal, chemical, photochemical or radiation

chemical reactions of persulfate. In the chemical generation, transition metal ions

are used for the transformation of persulfate to sulfate radical anion; the reaction

with Fe2? is shown in (52).

Fe2þ þ S2O2�
8 ! Fe3þ þ SO��

4 þ SO2�
4 ð52Þ

S2O2�
8 þ hm ! 2 SO��

4 ð53Þ

e�aq þ S2O2�
8 ! SO��

4 þ SO2�
4 k54 ¼ 1:2 � 1010 mol�1 dm3 s�1 ð54Þ

The photochemical generation [Reaction (53)] is based on the 254 nm line of the

low-pressure mercury lamp. For thermal generation, elevated temperature at about

60 �C is needed. In radiation chemistry (54), the eaq
- of water radiolysis is used for

persulfate activation [18].

The persulfate concentrations in scientific investigations are generally in the 10-3

mol dm-3 range. In radiolysis studies, when the aim is to clarify the details of

sulfate radical reactions, mostly tert-butanol is used to eliminate the �OH reactions.

(SO4
�- reacts with tert-butanol with a rate constant of 4.0-8.4 9 105 mol-1 dm3 s-1

[18]). In pulse radiolysis [14] and pulse photolysis [120, 121] the decay of the

unstructured SO4
�- band (kmax = 450 nm and emax = 1630 mol-1 dm3 cm-1) is

utilized in the determination of rate constants of reactions with dissolved

compounds. In competitive experiments, the relative value is converted to absolute
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one by using the kSO4�- of competitor, e.g., benzene, established in direct

measurement [122].

For SO4
�- reactions, fewer rate constants are published in the literature compared

to for �OH reactions. In Table 8, there are only a few compounds for which several

groups published kSO:�
4

. Therefore, it is difficult to judge the reliability of the

determined values.

The kinetics of most �OH addition reactions are close to diffusion controlled,

whereas in H-abstraction, the rate constants are lower and the kinetics depend on the

bond dissociation energy of the corresponding H-bond. SO4
�-, compared to �OH,

reacts more selectively in all of its reactions [18]. H-abstraction of SO4
�- is mostly

slower compared to reactions with �OH, and the dependency on the bond

dissociation energy is much more pronounced [55]. The SO4
�- reaction rate

constants of H-abstraction (e.g., reaction with saturated organic acids or alcohols)

are typically in the 107–108 mol-1 dm3 s-1 range [18].

The rate constants of •OH reactions with aromatic molecules are in a relatively

narrow range, between 2 9 109 and 1 9 1010 mol-1 dm3 s-1 [13, 29]. The range for

SO4
�- reactions is much wider; most of the rate constants in Table 8 are between 108

and 109 mol-1 dm3 s-1. Only a few values are below this range. The lack of larger

number of low values may also be due to technical reasons: by pulse radiolysis

technique, it is rather difficult to measure values below 107 mol-1 dm3 s-1. Because

Table 8 Rate constants of SO4
�-

reactions with organic molecules

in mol-1 dm3 s-1 units

Compound Rate constant References

Benzene 2.4 9 109 [122]

Toluene 3.1 9 109 [123]

Phenol 6.2 9 109 [124]

o-Cresol 3.4 9 109; 6.8 9 109 [125]; [124]

m-Cresol 3.8 9 109; 7.0 9 109 [125]; [124]

p-Cresol 6.1 9 109; 5.8 9 109 [125]; [124]

Benzaldehyde 7.1 9 108 [126]

Acetophenone 1.8 9 109 [126]

Anisole 4.9 9 109 [127]

Benzoic acid 1.2 9 109 [128]

Fluorobenzene 9.8 9 108 [123]

Chlorobenzene 1.5 9 109 [129]

Bromobenzene 1.8 9 109 [129]

Iodobenzene 9 9 107 [130]

Acetanilide 3.6 9 109 [128]

Benzamide 1.9 9 108 [128]

Benzonitrile 1.2 9 108 [128]

Nitrobenzene B106 [128]

Gallic acid 6.3 9 108 [119]

Gallate ion 2.9 9 109 [119]

a-Pinene 1.2 9 109 [122]
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the rate constants for the compound of interest and for the competitor should be in

the same order of magnitude, it is also difficult to measure low rate constants using

competitive techniques.

The rate constant of the SO4
�- ? benzene reaction is published as 2.4 9 109 and

3.0 9 109 mol-1 dm3 s-1 based on competitive [122] and pulse radiolysis

measurements [128], respectively. When there is an electron releasing substituent

on the ring, the rate constant is expected to be higher. For toluene, Merga et al. [123]

published 3.1 9 109 mol-1 dm3 s-1. In the case of phenol, kSO4.- is definitively

higher, 6.2 9 109 mol-1 dm3 s-1 [124], than for benzene. For cresols, the rate

constants are in the 3.4 9 109–7.0 9 109 mol-1 dm3 s-1 range [124, 125]. The

kSO4.- of anisole also shows an increase to 4.9 9 109 mol-1 dm3 s-1 [127], as

compared to the rate constant for benzene.

Contrary to an electron donating substituent, an electron withdrawing substituent

decreases the rate constant as compared to that of benzene: for benzaldehyde and

acetophenone, Sharma et al. [126] determined values of 7.1 9 108 and 1.8 9 109

mol-1 dm3 s-1, respectively. For benzoic acid, benzamide and benzonitrile, Neta

et al. [128] measured values of 1.2 9 109, 1.9 9 108 and 1.2 9 108 mol-1 dm3 s-1,

respectively. Nitrobenzene reacts with SO4
�- with a rate constant of B106 mol-1 dm3

s-1 [128]. The electrophilic character of SO4
�- can be exemplified by its reaction

with gallic acid and gallate ion; with the increase of electron density on the ring

(deprotonation), the rate constant increases from 6.3 9 108 to 2.9 9 109 mol-1 dm3

s-1 [119].

The highest values in Table 8 are around 6 9 109–8 9 109 mol-1 dm3 s-1, and

may represent the diffusion controlled limit. In Fig. 2, the logarithms of rate

constants for monosubstituted benzenes are shown as a function of the Hammett rp
?

Fig. 2 Rate constants of the chemical reactions of SO4
�- with monosubstituted benzenes as a function of

the rp
? Hammett parameters. Data were taken from Table 8 (corrected for the diffusion controlled limit):

1. phenol, 2. anisole, 3. acetanilide, 4. toluene, 5. fluorobenzene, 6. benzene, 7. chlorobenzene, 8.
bromobenzene, 9. iodobenzene, 10. benzoic acid, 11. nitrobenzene, 12. benzaldehyde
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parameters. The values were corrected for the diffusion controlled limit (Eq. 8) by

using kdiff = 8 9 109 mol-1 dm3 s-1. The latter kdiff was selected, higher than given

in Table 1. The log kchem, SO4�- vs. rp
? plot shows linear correlation similar to the

kchem, �OH vs. rp plot (Fig. 1). The slopes, designated as q, are negative in both

cases, indicating that the reactive species are electrophiles. This dependency is more

distinctive in SO4
�- reactions (q = -1.2) compared with �OH (q = -0.82 [13]).

Aromatic compounds with strongly deactivating substituent (e.g., 4-nitrobenzoic

acid) are nearly inert towards SO4
�-, but still react fast with �OH.

The wider rate constant range for SO4
�- reactions than for �OH reactions reflects

not only higher selectivity, but may also indicate different reaction mechanisms.

Although the reduction potentials of •OH and SO4
�- do not differ much (Table 2),

their reactions with double bonded compounds differ considerably. �OH reacts with

aromatic molecules preferentially by addition to the ring, and the probability of

direct oxidation (electron transfer) is low. In SO4
�- reactions, however, in most cases

the electron transfer dominates. Seemingly, the reactions are driven by kinetics

rather than by thermodynamics [55]. In SO4
�- reaction with electron-rich aromatic

compounds such as methoxybenzenes, the corresponding radical cations are

generated by electron transfer as primary short-lived intermediates [131]. With

benzene lacking electron-donating group, hydroxycyclohexadienyl radical has been

observed (Scheme 4) [128]. A rapid reaction of water with primarily formed radical

cation may account for this.

The reactions taking place from the radical cation may depend on the substituent

of the aromatic ring. In contrast to the expectations, Merga et al. [123] suggest

cyclohexadienyl radical formation from the radical cations of both toluene (electron

donating substituent) and chlorobenzene (electron withdrawing substituent). In the

case of ibuprofen, radical cation H? elimination from the alkyl chains and benzyl

radical formation is suggested (Scheme 5) [116].

In aminobenzenesulfonates, the radical cation is in equilibrium with the nitrogen

centered anilino radical [132]. In phenylurea (fenuron (Scheme 6), monuron,

Scheme 4 Reaction of benzene radical cation

Scheme 5 SO4
�- reaction with ibuprofen
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diuron) and triazine (atrazine, propazine) type herbicide molecules formation of

radical cations with positive charge on nitrogen atom attached to the aromatic ring is

suggested; deprotonation yields the anilino type radical [120, 121].

In the reactions of the radical cation formed in triazines, dealkylation along with

formation of carbonyl compounds and free amines take place [55]. O’Neil et al.

[127] suggested dimerization of the radical cations of the methoxylated benzenes.

With regard to water treatment, it can be concluded from the previous discussion

that SO4
�- tends to react at a similar rate or slower with most pollutants compared

with �OH. SO4
�- reacts more readily by electron transfer than �OH, but slower by

H-abstraction and addition. When persulfate is added to the solution with dissolved

O2 present, the eaq
- reaction with O2 (22) is replaced by the persulfate ? eaq

- reaction

(54): O2
�- is replaced by SO4

�- [55, 118]. Many studies demonstrated that persulfate

enhanced the degradation rate of organic compounds, e.g., carboxylic acids or

aromatic molecules during irradiation treatment [115, 116, 133, 134].

The main ‘impurity’ constituents of waters, i.e., Cl-, HCO3
-/CO3

2- and DOC,

largely affect the efficiency of SO4
�- based water treatment. Although the rate

constant of the SO4
�- ? Cl- reaction (41) is an order of magnitude smaller than that

of the •OH ? Cl- reaction (32); the Cl- concentration limits the applicability of

persulfate-based techniques to waters with low Cl- content [117]. Cl� formed in

both reactions may react with Cl- and form Cl2
�- in the acidic pH range [Reaction

(35)], or in the alkaline range through complex equilibria transform to �OH in (-32).

The SO4
�-?�OH conversion may also take place in the slow (55) and (56) reactions

[115].

SO��
4 þ OH� ! SO2�

4 þ� OH k55 ¼ 7 � 107 mol�1 dm3 s�1 ð55Þ

SO��
4 þ H2O ! SO2�

4 þ� OH þ Hþ k56 ¼ 6:6 � 102 mol�1 dm3 s�1 ð56Þ

When �OH forms in the first reaction, strong pH dependence is expected. This pH

dependence was not observed using nitrobenzene as probe molecule in the pH 2 to

7.4 range [135]. Nitrobenzene readily reacts with �OH (3.5 9 109 mol-1 dm3 s-1),

while it is practically unreactive in reaction with SO4
�- (B1 9 106 mol-1 dm3 s-1).

In the presence of large excess of methanol or tert-butanol �OH scavengers, the

nitrobenzene degradation was strongly diminished, showing the presence of �OH

and also suggesting the second alternative.

SO4
�- oxidizes bicarbonate (HCO3

-) to carbonate radical (CO3
�-) according to

(57), with reported rate constants between k = 2.8 9 106 and 9.1 9 106 mol-1 dm3

s-1 [17]. The equivalent reaction for carbonate (CO3
�-) also proceeds fairly rapidly,

Scheme 6 SO4
�- reaction with fenuron
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with a rate constant of 4.1 9 106 mol-1 dm3 s-1 [Reaction (58)]. In the natural pH

range, the carbonate is present practically entirely in the HCO3
- form.

SO��
4 þ HCO�

3 ! SO2�
4 þ CO��

3 þ Hþ k57 ¼ ð2:8 � 9:1Þ � 106 mol�1 dm3 s�1

ð57Þ

SO��
4 þ CO2�

3 ! SO2�
4 þ CO��

3 k58 ¼ 4:1 � 106mol�1dm3s�1 ð58Þ

These reactions are of concern because high (bi)carbonate concentrations could

also result in suppressed concentrations of SO4
�-, and therefore slower degradation

of the target pollutants are experienced. The alkalinity affects SO4
�- (57, 58) and �OH

reactions (45, 46) more or less to a similar extent. SO4
�- reacts more slowly with the

dissolved organic matter than �OH (by a factor of two to five), resulting in a weaker

scavenging, which is an advantage of the techniques using SO4
�-. Lutze [55] gives

kSO��
4 , DOC = 6.6 9 103 mg-1 dm3 s-1.

4 Concluding Remarks

In dilute aqueous solutions, the radiation energy is mainly absorbed by the solvent,

and the reactive intermediates formed in water radiolysis (hydroxyl radical,

hydrated electron, hydrogen atom) induce the chemical changes of the solutes. The

direct effect is negligible. The yield of the reducing intermediates (eaq
- ? H�) is

nearly equal to the yield of the oxidizing intermediates [�OH ? H2O2 (minor

product)] in pure deoxygenated water.

In wastewater there is always a competition between the reactions of different

solutes and the reactive water radiolysis intermediates. When the water is saturated

with air, the eaq
- and H� species are mainly converted to the rather unreactive O2

�-/

HO2
� pair in reaction with dissolved O2. The concentration of chloride ions is usually

in the 1 9 10-3 mol dm-3 range (k�OH, Cl– = 4.3 9 109 mol-1 dm3 s-1), and that

of the bicarbonate ions may be higher, around 8 9 10-3 mol dm-3

(k�OH;HCO3�� ¼ 8:5 � 106 mol�1 dm3 s�1). The amount of dissolved organic matter

changes greatly with the source of water; for the following calculation we take 40

mgC dm-3 (k�OH, DOC = 2 9 104 mgC-1 dm3 s-1) while we assume that the

concentration of the harmful (aromatic, P) molecules is 1 9 10-6 mol dm-3

(k�OH, P = 5 9 109 mol-1 dm3 s-1). Using the concentrations and rate constants

mentioned before, one can calculate that in the acidic pH range (pH\ 5), the Cl-

ions consume most of �OH (over 80 %) and about 0.1 % of �OH reacts with the

compounds of interest. In the neutral pH range, �OH mostly disappears in reactions

with HCO3
- and DOC in nearly equal percentages, and the percentage of the

�OH ? P reaction increases to * 0.6 %. Although the percentage of �OH reacting

with the target compounds is low, at 1–3 kGy dose, practically all of the target

molecules have a chance to react with �OH. Cl2
�- (in the acidic pH range) and CO3

�-

can also contribute to pollutants’ degradation.

In irradiation experiments, persulfate enhances the degradation rate of organic

compounds: with dissolved O2 present, the eaq
- ? O2 reaction is replaced by the

Top Curr Chem (Z) (2016) 374:50
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eaq
- ? S2O8

2- reaction: O2
�- is replaced by SO4

�-. SO4
�- reacts more selectively than

�OH. For instance, its reactivity with aromatic molecules containing strong electron

withdrawing substituent (e.g., NO2) is very low. Sulfate radical reactions are

strongly affected by the constituents of the solutions. SO4
�- may transform to �OH in

reactions with Cl-, OH- or H2O. Due to the high rate constant of the SO4
�- ? Cl-

reaction, in solution with high Cl- concentration in the acidic pH range, SO4
�-

transforms to Cl2
�-; above pH 5, the transformation takes place to �OH. �OH and

SO4
�- react with HCO3

- with similar rate constants forming CO3
�-. The rate constant

of SO4
�- reaction with the dissolved organic matter is about two to five times smaller

than the analogous reaction of �OH.

Due to the complexity of the reaction systems, a careful optimization of the

reaction conditions is needed, including dose, eventually adjusting the pH, and

additives.
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38. Szabó L, Tóth T, Homlok R, Takács E, Wojnárovits L (2012) Radiolysis of paracetamol in dilute

aqueous solution. Radiat Phys Chem 81:1503–1507

39. Jones KG (2007) Applications of radiation chemistry to understand the fate and transport of

emerging pollutants of concern in coastal waters. PhD, North Caroline State University, Raleigh,

North Carolina, USA. http://repository.lib.ncsu.edu/ir/bitstream/1840.16/4346/1/etd.pdf. Accessed

14 Febr 2016
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induced degradation of monuron in dilute aqueous solution. Radiat Phys Chem 124:191–197

67. Philips GO, Power DM, Robinson C, Davies JV (1973) Interactions of bovine serum albumin with

penicillins and cephalosporins studied by pulse radiolysis. Biochem Bioph Acta 295:8–17
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77. Homlok R, Takács E, Wojnárovits L (2013) Degradation of organic molecules in advanced oxi-

dation processes: relation between chemical structure and degradability. Chemosphere 91:383–389

78. Bielski BHJ, Cabelli DE, Arudi RL, Ross AB (1985) Reactivity of HO2/O2
- radicals in aqueous

solution. J Phys Chem Ref Data 14:1041–1100
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Kinetic study of the reactions of chlorine atoms and Cl2
�- radical anions in aqueous solutions. 1.

Reaction with benzene. J Phys Chem A 104:3117–3125
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Abstract Worldwide, there are over 1700 electron beam (EB) units in commercial

use, providing an estimated added value to numerous products, amounting to 100

billion USD or more. High-current electron accelerators are used in diverse

industries to enhance the physical and chemical properties of materials and to

reduce undesirable contaminants such as pathogens, toxic byproducts, or emissions.

Over the past few decades, EB technologies have been developed aimed at ensuring

the safety of gaseous and liquid effluents discharged to the environment. It has been

demonstrated that EB technologies for flue gas treatment (SOx and NOx removal),

wastewater purification, and sludge hygienization can be effectively deployed to

mitigate environmental degradation. Recently, extensive work has been carried out

on the use of EB for environmental remediation, which also includes the removal of

emerging contaminants such as VOCs, endocrine disrupting chemicals (EDCs), and

potential EDCs.
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1 Introduction

Electron accelerators are reliable and durable electrically sourced equipment that

can produce ionizing radiation when it is needed for a particular commercial use.

There are a large number of electron accelerators being used worldwide in industrial

applications, most of which involve polymer processing [1]. The observed emission

of pollutants and environmental degradation are reasons why the most developed

countries have introduced emission limits; mostly such action started at the end of

the twentieth century. Fossil fuel combustion leads to acidic pollutants such as SO2

NOx HCl emission. Different control technologies are proposed; however, the most

popular method is a combination of wet FGD (flue gas desulfurization) and SCR

(selective catalytic reduction). First, using lime or limestone slurry leads to SO2

capture and gypsum as a product. In the second process, ammonia is used as a

reagent, and nitrogen oxides are reduced over a catalyst surface to gaseous nitrogen,

which removes NOx. A new advanced method uses EB for simultaneous SO2 and

NOx removal. Early possibilities for EB applications in pollution control have been

reported. The pioneering works in these applications were from Takasaki, Japan [2].

The special input for the technology application was the development of the new

high power electron accelerators, which can be used for the processing on line of the

huge flow streams of liquid or gaseous pollutants. The accelerators were applied for

off-gases, wastewater treatment, and biological sludge from a wastewater treatment

plant. In the case of the latter application EB treatment have higher throughput in

comparison with gamma ray source. A variety of industrial electron accelerators can

now provide electron energies from 0.3 MeV to more than 10 MeV with average

beam power capabilities up to 700 kW.

EB processing of wastewater is non-chemical and uses fast formation of short-

lived reactive radicals that can interact with a wide range of pollutants. Such

reactive radicals are strong oxidizing or reducing agents that can transform the

pollutants in the liquids wastes. The first studies on the radiation treatment of wastes

were carried out in the 1950s principally for disinfection. In the 1960s, these studies

were extended to the purification of water and wastewater. After some laboratory

research on industrial wastewaters and polluted groundwater in the 1970s and

1980s, several pilot plants were built for extended research in the 1990s. The first

full-scale application was reported for the purification of wastewater at the

Voronezh synthetic rubber plant in Russia. Two electron accelerators (1.5 MeV

50 kW each) were used to convert the non-biodegradable emulsifier, ‘‘nekal’’,

present in the wastewater to a biodegradable form [3]. The installation treats up to

2000 m3 of effluent per day. An industrial plant for treating 10,000 m3/day of

textile-dyeing wastewater has been constructed in Daegu, Korea with 1 MeV,

400 kW electron accelerator [4].

Sewage sludge, also known as biosolid, is the solid waste yield after completion

of the secondary stage of biological wastewater treatment. The annual production of

sewage sludge has been increasing around the world as stricter clean water

regulations have begun to take effect. It is a rich source of both many micronutrients

and fixed nitrogen, making it a valuable fertilizer. High energy ionizing radiation
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has the ability to inactivate pathogens with a very high degree of reliability and in a

clean and efficient manner. Ionizing radiation interacts with matter both directly and

indirectly. Direct interaction takes place with critical molecules such as DNA and

proteins present in microorganisms, thus causing cell death. During indirect

interaction, radiolysis products of water result in the formation of highly reactive

intermediates that then react with the target biomolecules, culminating in cell death.

A plant for liquid sludge hygienization using gamma radiation has been in operation

in Vadodara, India, since 1992 [5]. The plant is designed to treat 110 m3 of sludge

from a conventional treatment plant per day. The plant’s operational experience has

shown that the process is simple, effective, and easy to integrate into an existing

sewage treatment plant, and the radiation hygienized sludge can be used as a

fertilizer in agriculture. Similarly, an electron accelerator can also be used to treat

dewatered sludge.

2 Industrial Off-Gas Treatment

Pollutants are emitted to the atmosphere with off-gassing from industry, power

stations, residential heating systems, and municipal waste incinerators. Fossil fuels,

which include coal, natural gas, petroleum, shale oil, and bitumen are the main

source of heat and electrical energy. Recently, the main fuel used for renewable

energy production in heat boilers is biomass as well. All these fuels contain, besides

major constituents (carbon, hydrogen, oxygen), metal, sulfur, and nitrogen

compounds.

During the combustion process different pollutants as fly ash, sulfur oxides (SO2

and SO3), nitrogen oxides (NOx = NO2 ? NO), hydrochloride (HCl), and volatile

organic compounds, including chlorinated species, are emitted. Ninety-five percent

of emitted NOx is NO, an insoluble and non-reactive compound, which is difficult to

remove. Fly ash contains different trace elements (heavy metals). Mercury is

emitted as aerosolized, surface adsorbed, or free forms.

Gross emission of pollutants is tremendous in most countries all over the world.

These pollutants are present in the atmosphere in such conditions that they can

affect humans and their environment. Air pollution caused by particulate matter and

other pollutants acts directly on the environment and also contaminates water and

soil, leading to their degradation. Wet and dry deposition of inorganic pollutants

leads to acidification of the environment. These phenomena affect health of the

people, increase corrosion, destroy forest and plants.

Different air pollution control technologies are searched for. Conventional

technologies, most often used for air pollution control, are: wet FGD (flue gas

desulphurization), based on SO2 absorption in lime or limestone slurry, and SCR

(selective catalytic reduction), based on NOx reduction over a catalyst to

atmospheric nitrogen with ammonia as a redactor. However, the technologies that

treat different pollutants in one step are of special interest. The electron beam flue

gas treatment (EBFGT) technology is such a process.
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2.1 Interaction of Electrons with Flue Gas Components

After irradiation of pollutant gas, fast electrons interact with the gas creating various

ions and radicals; the primary species formed include e-, N2
?, N?, O2

?, O?, H2O?,

OH?, H?, CO2
?, CO?, N2

*, O2
*, N, O, H, OH, and CO. In the case of a high water

vapor concentration, the oxidizing radicals �OH and HO2
� , and excited ions such as

O(3P), are the most important radiolysis products. The SO2, NO, NO2, and NH3

present cannot compete with the reactions because of very low concentrations, but

react with N, O, OH, and HO2 radicals. Ammonia, mentioned above, is added to the

gas to neutralize acids that are formed in reaction; aerosolized ammonium sulfate

and nitrate are the final product of the reaction. The interaction of electrons with gas

forms visible cold plasma (Fig. 1).

2.2 SOx and NOx Removal from Fossil Fuel Combustion Flue Gases

The method for sulfur and nitrogen oxides removal is based on the oxidation of both

pollutants and their reaction with water to form acids [6]. Electrons from the

accelerator and secondarily formed in gas pass energy to the gas components

forming plasma in the process vessel (Fig. 1). The acids are neutralized with

gaseous ammonia to form the solid aerosol: a mixture of ammonium nitrate and

sulfate, which is the popular nitrogen bearing component of NPK (nitrogen,

phosphor, potassium) fertilizer. There are several pathways of NO oxidation known.

In the case of EBFGT the most common are as follows:

Fig. 1 Visible light glow indicates that the cold plasma is formed inside the process vessel in which gas
is irradiated (pilot plant at EPS Kaweczyn, Poland)
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NO þ Oð3
PÞ þ M ! NO2 þ M ð1Þ

O 3P
� �

þ O2 þ M ! O3 þ M ð2Þ

NO þ O3 þ M ! NO2 þ O2 þ M ð3Þ

NO þ HO�
2 þ M ! NO2 þ �OH þ M ð4Þ

After the oxidation NO2 is converted to nitric acid in the reaction with �OH and

HNO3, the aerosol reacts with NH3 giving ammonium nitrate. M is an inert

component absorbing excess of energy. NO is partly reduced to atmospheric

nitrogen.

NO2 þ �OH þ M ! HNO3 þ M ð5Þ

HNO3 þ NH3 ! NH4NO3 ð6Þ

There can be also several pathways of SO2 oxidation depending on the

conditions. In the EBFGT process the most important are radio-thermal and thermal

reactions. Radio-thermal reactions proceed through radical oxidation of SO2 and

HSO3 creates ammonium sulphate in the following steps [7].

SO2 þ �OH þ M ! HSO3 þ M ð7Þ

HSO3 þ O2 ! SO3 þ HO�
2 ð8Þ

SO3 þ H2O ! H2SO4 ð9Þ

H2SO4 þ 2NH3 ! NH4ð Þ2SO4 ð10Þ

The thermal reaction is based on the following process:

SO2 þ 2NH3 ! NH3ð Þ2SO2 ð11Þ

NH3ð Þ2SO2 �!O2; H2O
NH4ð Þ2SO4 ð12Þ

In the presence of ammonia some part of NO is reduced to nitrogen; therefore,

the concentration of amonium nitrate in the product is lower than expected from the

reaction (6), the mechanism of reduction is shown below:

N 2D
� �

þ NH3 ! NH þ NH2 ð13Þ

N 2D
� �

þ NH3 ! NH þ NH2 ð14Þ

NH2 þ NO ! NH þ H2O ð15Þ

NH2 þ NO2 ! N2O þ H2O ð16Þ
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NH2 þ NO ! N2H þ OH ð17Þ

NH þ NO ! N2 þ OH ð18Þ

NH þ NO2 ! N2O þ OH ð19Þ

The total yield of SO2 removal consists of the yield of thermal and radio-thermal

reactions that can be written as follows [8].

gSO2 ¼ g1ð/; TÞ þ g2ðD; aNH3; TÞ ð20Þ

where g, /, T, D, and aNH3 are process efficiency, gas humidity, gas temperature,

dose deposited (amount of energy transferred to gas by means of irradiation), and

ammonia stoichiometry (NH3 concentration in relation to stoichiometric value),

respectively. The yield of the thermal reaction (g1) depends on the temperature and

humidity and decreases with the temperature increase. The yield of the radio-

thermal reaction (g2) depends on the dose, temperature, and ammonia stoichiometry.

The main parameter in NOx removal is the dose. The rest of parameters play minor

role in the process. The high dose is required for high concentrations of NOx

removal, while SOx is removed at proper conditions, at low energy consumption.

The SOx removal efficiency equal to 95 % is easily achieved, while the nitrogen

oxide concentrations observed at coal or oil fired boilers, a removal efficiency of

70–80 % is observed. This level of pollutant removal is requested by power plant

operators, due to the existing standards of air pollution control. The scheme of flue

gas treatment process is presented below (Fig. 2).

Recent tests have illustrated the possibility of process applications to treat the

polycyclic aromatic hydrocarbon (PAH) and volatile organic compounds (VOC),

Fig. 2 The scheme presenting sequences of the physicochemical reactions, which leads to acidic
pollutants removal and solid fertilizer particles formation
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including chlorinated VOCs, present in off-gases in trace concentrations [9], and the

process has some features that may allow applying it to mercury control as well

[10]. The process has been tested for boilers using high sulfur oil as a fuel [11, 12].

Parametric study was conducted for purification of exhaust gases from the burning

of heavy fuel oil (HFO) mazut with sulfur content approximately 3 wt% to

determine SO2, NOx, and PAH removal efficiency as a function of temperature and

humidity of irradiated gases, absorbed dose, and ammonia stoichiometry process

parameters [13]. In the test performed under optimal conditions with a dose of

12.4 kGy, simultaneous removal efficiencies of approximately 98 % for SO2 and

80 % for NOx were recorded. The simultaneous decrease of PAH and one-ringed

aromatic hydrocarbon [benzene, toluene, and xylene (BTX)] concentrations were

observed in irradiated flue gas. Overall removal efficiencies of approximately 42 %

for PAHs and 86 % for BTXs were achieved with an absorbed dose of 5.3 kGy. The

decomposition ratio of these compounds increased with an increase of absorbed

dose. The decrease of PAH and BTX concentrations was followed by an increase of

oxygen-containing aromatic hydrocarbon concentrations. The PAH and BTX

decomposition process was initialized through the reaction with hydroxyl radicals

that formed in the EB irradiated flue gas. Their decomposition process is based on

similar principles as the primary reaction concerning SO2 and NOx removal; that is,

free radicals attack organic compound chains or rings, causing VOC decomposition.

Thus, the EBFGT technology ensures simultaneous removal of acid (SO2 and NOx)

and organic (PAH and BTX) pollutants from flue gas emitted from burning HFO.

This technology is a multi-pollutant emission control technology that can be applied

for treatment of flue gas emitted from coal-, lignite-, and HFO-fired boilers. Other

thermal processes such as metallurgy and municipal waste incinerators are potential

candidates for application of this technology. In the case of VOCs, decomposition

process is based on the similar principles as primary reactions concerning SO2 and

NOx removal, i.e. free radicals attack on organic compounds chains or rings causing

VOCs decomposition. For chlorinated aliphatic hydrocarbons decomposition (e.g.

chloroethylene), Cl- dissociated secondary electron attachment and Cl, OH radicals

reaction with VOCs play very important roles [14–18]. Application of scavengers

such as alcohol may improve simultaneous NOx removal efficiency [15]. The most

important development concerns application for the reduction of polychlorinated

dibenzodioxins (PCDDs, so-called dioxins) and polychlorinated dibenzofurans

(PCDFs) emission from municipal solid waste incinerators [19]. Degradation of

different organic pollutants in the gas phase was tested, including toluene [20],

styrene [21], naphthalene, and acenaphthene [22]. Different factors affecting the

process were studied [23–26]. The hybrid process based on EB generated plasma

and catalyst enhancing reaction was studied to increase VOC removal efficiency and

reduce energy consumption [27–29], combined use of EB, microwaves, and

catalysts was investigated as well [30].

2.3 Industrial Application of the Process

The above mechanism of the process, studied in laboratory conditions, was the basis

for technical implementation of the technology. However in real, industrial
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conditions, dose distribution and gas flow patterns are important from a

technological point of view. These parameters influence the electron energy, mass,

and heat transfer, prior, after, and in the process vessel. After humidification and

lowering of the temperature, flue gases are guided to the reaction chamber, where

irradiation by EB takes place. The electrons are introduced to the process vessel via

thin 50 lm titanium foil. NH3 is injected upstream of the irradiation chamber.

Ammonia is used to neutralize sulphuric and nitric acids and to form the aerosolized

solid particles. The size of aerosol particles is about 1 lm, and the byproduct is

sticky; therefore, high efficiency dust collectors have to be applied downstream of

the chemical reactor. The electrostatic precipitators (ESPs) are equipped in the

screw conveyors installed at the heated bottom and hammering systems at the

electrodes and other filter components. The insulators are protected by air jets. The

solid byproduct is a high class fertilizer.

Japanese scientists demonstrated in 1970–1971 the removal of SO2 using an EB

from a linear accelerator (2–12 MeV, 1.2 kW). A dose of 50 kGy at 100 �C led to

the conversion of SO2 to an aerosol of sulfuric acid droplets, which were easily

removed. Ebara Co. used an electron accelerator (0.75 MeV, 45 kW) to convert SO2

and NOx into a dry product containing (NH4)2SO4 and NH4NO3 , which could be

used as a fertilizer. Using the Ebara process, two larger scale pilot plants were

constructed in Indianapolis, IN, USA and Karlsruhe, Germany. The Indianapolis

plant was equipped with two electron accelerators (0.8 MeV, 160 kW) and had a

capacity of 1.6–3.2 9 104 m3/h with gas containing 1000 ppm SO2 and 400 ppm

NOx. In Karlsruhe, two electron accelerators (0.3 MeV, total power 180 kW) were

used to treat 1–2 9 104 m3/h flue gas containing 50–500 ppm SO2 and

300–500 ppm NOx.

However, the final engineering design technology for industrial applications was

achieved at the pilot plants being operated in Nagoya, Japan [31] and Kaweczyn,

Poland [32]. In the latter case, new engineering solutions were applied: double—

longitudinal gas irradiation, air curtain separating secondary window from corrosive

flue gases and modifications of the humidification/ammonia system (high enthalpy

water or steam injection, ammonia water injection), and others. The obtained results

have confirmed the physico-chemistry of the process discussed earlier. In Fig. 3 a

sketch of the pilot plant and applied process vessel is presented. A double window

Fig. 3 Scheme of the flue gas pilot plant and irradiation vessel applied at EPS Kaweczyn, Poland

Top Curr Chem (Z) (2016) 374:68

123 44 Reprinted from the journal



was applied to protect the window of the accelerator from corrosive flue gas

atmosphere, and an air curtain protects a secondary window from such effects as

well [33]. Figure 4 is a scheme of the accelerator used in this pilot plant.

These new solutions led to the economical and technical feasibility improvement

and final industrial scale plant construction. Ebara Co. constructed a full scale plant

in Chengdu, China, mostly for SOx removal; therefore, the power of accelerators

applied is 320 kW for treatment of 270,000 Nm3/h of the flue gas. Reported

efficiency is 80 % for SOx and 20 % for NOx [34].

The flue gas treatment industrial installation is located in EPS Pomorzany in

Szczecin in the north of Poland (Fig. 5) [35]. The installation purifies flue gases

from two Benson boilers of 65 MWe and 100 MWth each. The maximum flow rate

of the gases is 270,000 Nm3/h and the total beam power exceeds 1 MW. Upstream

of the EBFGT installation fly ash is removed from flue gas to a content equal to less

than 25 mg/Nm3 to avoid contamination of the byproduct, since it is a component of

fertilizer. Then the flue gases are cooled and humidified in a spray cooler, a tower

with rubber lining, and gaseous ammonia is injected to the gas stream. The

concentration of ammonia is regulated at a concentration equal to 0.9 stoichiometric

ratio calculated to both acidic pollutants, which allows keeping the ammonia slip

lower than 5 ppm. After such treatment flue gases inflow into plasma reactors where

plasma is generated by electrons emitted by electron accelerators. There are two

reaction vessels with nominal flow gas rate of 135,000 Nm3/h. Gases in each vessel

are irradiated by two accelerators (700 keV, 260 kW) installed in series. The

applied dose is in the range of 7–12 kGy. The removal of SO2 approaches 80–90 %

in this dose range and that of NOx is 50–60 % (Fig. 6). The byproduct is collected

by the ESP and is shipped to the fertilizer plant. Pilot and industrial scale electron

EBFGT plants are listed in Table 1.

Recently a pilot scale EBFGT was tested at Saudi Aramco’s Refinery in Jeddah,

Saudi Arabia [36]. The plant was designed to treat 2000 Nm3/h of flue gas emitted

from a heavy fuel oil fired boiler. A unique mobile electron accelerator unit

Fig. 4 An example of
accelerators used for EBFGT.
ELV -3a accelerator has been
applied a thet EPS Kaweczyn
pilot plant
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(600 keV, 20 kW) made by EB TECH Co., Ltd., Korea was used as a beam source.

The general view of the pilot plant is presented in Fig. 7.

The pilot plant operation proved the high potential of the technology for simultaneous

control of sulfur dioxide (SO2) and nitrogen oxides (NOx) emissions. The obtained

removal efficiencies reached 98.5 % for SO2 and 83.1 % for NOx (Fig. 8).

Fig. 5 Scheme of industrial plant for EBFGT, EPS Pomorzany, Szczecin, Poland
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Fig. 6 Removal efficiency of SO2 and NOx as a function of energy absorbed in gas
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Two types of byproduct collection devices—cartridge bag filter and electrostatic

precipitator—were tested. The obtained byproduct was a high-quality fertilizer that

can be used directly or as a substrate for NPK blends manufacturing. The soluble

part of the byproduct was almost pure ammonium sulfate (98–99 %) with some

amount of ammonium nitrate. The content of heavy metals in the byproduct was

very low, two orders of magnitude lower than the allowed standards.

The tests performed at industrial conditions have proven that the technology can

be applied for flue gas treatment for coal (hard and lignite) and oil fired boilers and

the byproducts is a high class fertilizer.

Table 1 Pilot and industrial scale EBFGT plants

Plant Flow rate

(Nm3/h)

Accelerator Dose

(kGy)

SO2/NOx

(ppm)

Indianapolis, USA (1984) 24,000 800 keV 9 2, 160 kW 30 1000/400

Badenwerk, Germany (1985) 20,000 300 keV, 180 kW – 500/500

Kawęczyn, Poland (1992) 20,000 700 keV 9 2, 100 kW 18.8 600/250

Nagoya, Japan (1992) 12,000 800 keV 9 3, 108 kW 10.5 1000/300

EB-TECH, Korea (1995) 10,000 1000 keV, 50 kW 8 600/400

Chengdu, China (1997) 300,000 800 keV 9 2, 400 mA,

640 kW

3 1800/400

Pomorzany, Poland (1999) 270,000 700 keV 9 4, 375 mA,

1050 kW

10 1630/540

Hangzhou, China (2002) 305,400 800 keV 9 2, 400 mA

640 kW

3 1800/400

Mariza East, Bulgaria (2004) 10,000 800 keV 9 3, 108 kW 4 1000/300

Beijing, China (2006) 640,000 1000 keV 9 2, 500 mA,

1000 keV, 300 mA,

2850 kW

3 1900/400

Shandong, China (2007) 279,000 800 keV, 200 mA 9 2,

1600 kW

3 1900/400

Jeddah, Saudi Arabia (2014) 2000 600 keV, 20 kW (mobile) 8 1400/130

Fig. 7 General view of the pilot plant at Jeddah Refinery. 1 stack of F 1001 boiler, 2 boiler F 1001, 3 flue
gas duct, 4 control room of pilot plant, 5 gas conditioning column, 6 pilot plant stack, 7 cartridge bag
filter, 8 thermal insulated duct, 9 cyclone, 10 ammonia dosing unit, 11 mobile accelerator unit
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Coal and natural gas are the most often used fossil fuels for electricity and heat

generation. However, the prices of fossil fuels will follow again increasing trend and

the reserves of clean fuel like gas will became depleted in the future, taking into

account that methane is one of the main chemical industry substrates. Heavy fuel oil

is essentially industrial fuel used in industrial boilers containing up to 4.0 % of

sulfur. This oil is used in diesel engines as well. The combustion of this fuel results

in high emission of sulfur and nitrogen oxides. Computer simulations for high

concentrations of NOx removal from oil-fired waste off-gases under EB irradiation

were carried out by using the computer code ‘‘Kinetic’’ and GEAR method. Two

hundred and ninety-three reactions involving 64 species were used for the modeling

calculations. The composition of simulated oil-fired off-gas was the same as the

experimental conditions. Calculation results qualitatively agree with the experi-

mental results. Furthermore the influence of temperature, SO2 concentration and

ammonia addition were studied [37]. The results have shown that in the case of high

NOx concentrations the hybrid methods have to be applied. Development of the

technology and reducing of energy consumption may lead to the most challenging

applications such as treatment of huge diesel engine exhaust gases, a problem that

has not been solved up to now [38]. One of the solutions proposed was based on

increasing electron energy from 0.7 to 1–2 MeV when it is possible to reduce the

energy losses in the windows and in the air gap between them (transformer

accelerators can be applied as well as in the process). In order to use these mid-

energy accelerators it is necessary to reduce their penetration depth through gas and

this can be achieved by increasing the density of the reaction medium by means of

dispersing a sufficient amount of fine water droplets (FWD). The presence of FWD

Fig. 8 SO2 and NOx removal efficiency as a function of absorbed dose
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has a favorable effect on the overall process by increasing the level of liquid phase

reactions. A special reactor was designed and built to test the effect of FWD on the

treatment of flue gases with high concentrations of SO2 and NOx using high energy.

By determining the energy efficiency of the process the favorable effect of using

FWD and high energy EB was demonstrated [39].

3 Wastewater Treatment

EB processing of water/wastewater is non-chemical and uses fast formation of

short-lived reactive radicals that can interact with a wide range of pollutants. Such

reactive radicals are strong oxidizing or reducing agents that can transform the

pollutants in the liquid wastes from industry and different origins.

EB treatment of wastewater leads to purification by the decomposition of

pollutants as a result of their reactions with highly reactive species formed from

water radiolysis: hydrated electrons, OH free radicals, and H atoms [40, 41].

Sometimes such reactions are accompanied by other processes, and the synergistic

effect upon the use of combined methods such as electron beams with biological

treatment, adsorption, and others improves the effect of EB treatment of the

wastewater purification. In the process of EB treatment of wastewater, chemical

transformation of pollutants induced by ionizing radiation are used. At sufficiently

high absorbed doses these transformations can result in complete decomposition

(removal) of the substance. Under real conditions, at a rather high content of

pollutants in wastewater and economically acceptable doses, partial decomposition

of pollutants takes place, as well as transformation of pollutant molecules that

results in improving subsequent purification stages, efficiency of the process,

which is notably influenced by irradiation conditions and wastewater composition

[42].

3.1 Interaction of Electrons with Water Molecules in Aqueous Media

Radiation technologists have been investigating the use of high-energy radiation for

treatment of wastewater. The major advantage of radiation technology is that the

reactive species are generated in situ during the radiolysis process without addition

of any chemicals. The results of practical applications have confirmed that radiation

technology can be easily and effectively used for treating large quantities of

wastewater [3, 43, 44].

High-energy irradiation produces instantaneous radiolytical transformations by

energy transfer from accelerated electrons to orbital electrons of water molecules.

Absorbed energy disturbs the electron system of the molecule and results in

breakage of inter-atomic bonds [42]. Hydrated electrons e�aq, H atoms, �OH and HO2
�

radicals, hydrogen peroxide (H2O2), and H2 are the most important intermediates

and products of the primary interactions (radiolysis products).

H2O �!EB
e�aq;

�H; �OH; HO�
2; H2O2; H2 ð21Þ
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with yields (G value, lmol/J) of 0.28 (e�aq), 0.062 (H), 0.28 (OH), 0.072 (H2O2).

High reactivity is characteristic of water radiolysis products. The typical time of

their reactions with impurities in water is less than 1 ls. H2O2 and �OH and HO2
�

radicals are oxidizing species, while H atoms and e�aq are reducing [41].

Simultaneous existence of strong oxidants and strong reductants within wastewater

under treatment is remarkable and important characteristics of radiation processing.

In reactions with unsaturated hydrocarbons, �OH adds onto the double bond

�OH þ CH2¼CH2 ! HOCH2 �� CH2 ð22Þ

and, upon reaction with alkyl-compound, the �OH captures H-atom to produce

�OH þ CH3COCH3 ! H2O þ CH3CO�CH2 ð23Þ

Hydrated electrons e�aq and H atoms are strong reductants. In reactions involving

cations of metals, e�aq is able to produce neutral atoms and ions with anomalous

valency. Typical reactions of e�aq consist of e--addition to reagents,

e�aq þ RCl ! R� þ Cl� ð24Þ

e�aq þ C NO2ð Þ4 ! C NO2ð Þ�3 þ NO�
2 ð25Þ

In its reactions with organic compounds, �H shows higher reactivity than e�aq.

Reactions with unsaturated hydrocarbon consist of �H addition to double bond:

H þ CH2¼CH2 ! CH3 �� CH2 ð26Þ

With alkyl-compounds, �H produces a hydrogen molecule and an alkyl-radical

�H þ CH3�CH3 ! H2 þ CH3��CH2 ð27Þ

EB treatment aims at the degradation of pollutants at a faster rate than the

generally slow rates of conventional processes. EB treatment of wastewater

generally has maximum efficiency at pollutant concentrations of 10-3 mol/L

(*100 ppm) or less. The treatment of such wastewater is simple, requires a low

dose (*1 kGy or less) and provides almost complete elimination of odour, colour,

taste, and turbidity. The EB treatment of polluted water containing specific

contaminants may require the creation of special conditions to achieve the

predominant type of transformation—reduction, oxidation, addition or removal of

functional groups, aggregation, disintegration, etc. However, in general, pollutant

transformation involves the following pathways: chain oxidation, formation of

insoluble compounds, coagulation of colloids, and enhancement of pollutant

biodegradability.

Chain oxidation constitutes one of the most efficient processes realized in

radiation processing of wastewater. Radiolytic oxidation at moderate dose leads to

the formation of carbonyl, carboxyl, hydroxyl, and/or peroxide groups in organic

molecules [3]. The conditions of irradiation can be specifically chosen to achieve
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chain oxidation of various pollutants. The general mechanism of chain oxidation

consists of the following stages:

Initiation RH þ� OH ! R� þ H2O; R� þ O2 ! RO�
2 ð28Þ

Propagation RO�
2 þ RH ! ROOH þ R�; ROOH ! RO� þ �OH ð29Þ

Termination RO�
2 þ R� ! ROOR; 2R� ! R2; 2RO�

2 ! ROOR þ O2 ð30Þ

The products of radiolytic oxidation differ from the initial pollutants in terms of

their physicochemical properties and increased ability to biodegradation. Biodegra-

dation of wastewater depends on oxidation level and structure of pollutants, and

preliminary oxidation and fragmentation of biologically resistant molecules

contribute to improvement in their biodegradability. Radiolytical oxidation shows

possibility for the required transformation of various pollutants. Research and

industrial treatments testify to significant improvement of pollutant biodegradability

after radiation-oxidation of aerated wastewater [43–45]. Usually, a dose of about

1–2 kGy is necessary for complete transformation of pollutants from a biologically

resistant to a biodegradable state. Several pilot scale and a number of industrial

scale plants based on radiation technology are in operation and under construction.

A simplified technological scheme of e-beam wastewater treatment plant is shown

in Fig. 9.

3.2 Electron Beam Treatment of Wastewater

The increasing levels of pollution and complexity of effluents from municipalities

and industry demand effective technologies to reduce pollutants to the desired

levels, and the use of current wastewater treatment technologies for such

reclamation often is not successful. Advanced wastewater treatment technologies

are essential for the treatment of municipal wastewater to protect public health and
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Fig. 9 Simplified technological scheme of industrial e-beam wastewater treatment plant; F1–F4 air fans,
P1–P2 water pumps, D1–D2 diffusers, A accelerator, R reactor, B1 and B2 primary and secondary basins
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to meet water quality criteria for the aquatic environment and for water recycling

and reuse. Among the possible water treatment alternatives, radiation processing is a

very effective option, as it can simultaneously degrade both the toxic organic

compounds and the biological contaminants that are present. Radiation disinfection

of effluent from municipal wastewater treatment plants for reuse has been

successfully demonstrated by a number of researchers. It has been demonstrated

that inactivation of faecal coliforms in secondary effluents from municipal

wastewater plants can be achieved with absorbed doses of less than 1 kGy. While

the efficiency of conventional disinfectants is adversely affected by the water

matrix, radiation processing for bacteria inactivation is generally unaffected by it.

Therefore, radiation processing has a clear advantage over existing methods for

municipal wastewater disinfection. Radiation processing is technically much easier

than conventional processes for wastewater disinfection (Fig. 10). A cost assess-

ment based on a dose of 1 kGy has indicated that for a plant capacity of about

1150 m3/h, the cost of treating secondary effluent is about USD 0.1/m3, which is

acceptable, considering the advantages that the radiation induced disinfection

provides compared with conventional technologies [46].

Radiation treatment of textile dyeing wastewater and several dyes has also been

actively studied in Brazil [47], Hungary [48], and Turkey [49]. A pilot scale

wastewater treatment plant was set up at the Institute of Energy and Nuclear

Research (IPEN) in Brazil to study the efficiency of removal and degradation of

toxic and refractory pollutants present in industrial wastewater. Combined

biological and radiation treatment of domestic sewage and sludge was carried out

to investigate disinfection. Radiation processing of many other industrial wastew-

ater samples collected at the public wastewater treatment plant in Sao Paulo State

were also tested. For industrial wastewater from chemical industries, a dose of

20 kGy was necessary to degrade about 99 % of the organic compounds [47].

Fig. 10 Radiation induced inactivation of some coliforms in different effluents by means of EB
irradiation [46]
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Purification of the complex wastewater from textile dyeing companies has

demonstrated in Daegu Dyeing Industrial Complex (DDIC) as an industrial scale.

DDIC includes about a hundred factories with high consumption of water

(90,000 m3/day), steam, and electric power, characterized by a large amount of

highly coloured industrial wastewater (80,000 m3/day), and extracting thereby up to

500 m3/d of sludge. Rather high cost of purification results from high contamination

of water with various dyes and ultra-dispersed solids. Chemical composition of

wastewater consists of organic dyes, surfactants, and other organic compounds. In

organic compounds, terephtalic acid (TPA) and ethylene glycol (EG) are the major

components of pollutants. Organic dyes and surfactants, even at comparatively low

concentration, determine such objectionable properties of the wastewater as colour

and foaming, so concentration of these compounds should be substantially reduced.

After a successful operation of pilot scale (1000 m3/day of wastewater) EB plant

[43], an industrial plant with an electron accelerator of 1 MeV, 400 kW for treating

10,000 m3/day of textile dyeing wastewater from DDIC has been constructed and

operated from 2005 (Fig. 11). This plant is combined with biological treatment

system and it shows the reduction of chemical reagent consumption, and also the

reduction in retention time with the increase in removal efficiencies of CODCr and

BOD5 up to 30–40 % (Fig. 12) [50]. Increase in biodegradability after EB treatment

of aqueous-organic systems is due to radiolytical conversions of non-biodegradable

compounds. The total construction cost for this plant was about USD 4 M and the

operation cost has been obtained approximately USD 0.5 M per year. Even with

including the depreciation and interest, it is not more than USD 1 M per year and it

is about USD 0.3 per each cubic meter of wastewater [50].

3.3 Removal of Emerging Contaminants

Endocrine disrupting chemicals (EDCs) and pharmaceutical compounds are mostly

man-made, found in various materials such as pesticides, polymer additives, and

personal care products. EDCs and pharmaceutical residues have been suspected to

be associated with altered reproductive function in males and females, increased

Fig. 11 Industrial EB plant (10,000 m3/day) for textile dying wastewater in Daegu, Korea
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incidence of breast cancer, abnormal growth patterns, and neuro-developmental

delays in children, as well as changes in immune function [51–53]. A number of

processes were investigated regarding their removal potential of endocrine disrupters.

Those processes are ferric chloride coagulation, powdered activated carbon, magnetic

ion exchange combined with microfiltration or ultrafiltration, as well as nanofiltration

and reverse osmosis. While they show a certain limitation in removal of EDCs in

aqueous solution, the EB has the ability to remove the EDCs and pharmaceutical

residues with a very high degree of reliability and in a clean and efficient manner. The

EB interacts with them according to the mechanism described above [54, 55].

Radiolysis products of water result in the formation of highly reactive intermediates

which then react with the target molecules, culminating in structural changes.

4 Sludge Treatment

The sludge resulting from municipal or industrial wastewater treatment is usually in

the form of a liquid or semisolid liquid that typically contains 0.25–12 % solids by

weight, depending on the operations and processes used. Of the components

removed in wastewater treatment, sludge is by far the greatest in volume, and the

problems associated with its processing and disposal are complex because:

• It is composed of the substances responsible for the offensive character of

untreated wastewater;

• The portion of sludge produced from biological treatment and requiring disposal

is composed of the organic matter contained in the wastewater, but in a form that

can decompose and become offensive;

• Only a small portion of the sludge is solid matter.

The sludge can be used as a soil conditioner and as an additive to animal fodder.

However, it contains bacteria, viruses, and parasites (and possibly toxic compounds)

and should be disinfected prior to any such use. Guidelines by the US

Fig. 12 Effect of electron-beam treatment on biological treatment of dyeing wastewater: a kinetics of
biotreatment of irradiated (filled square) and unirradiated (filled circle) wastewater; b absorbed dose
effect on combined electron-beam/biological treatment
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Environmental Protection Agency (EPA) recommend that in sewage sludge to be

applied in agricultural practice, the number of E. coli bacteria (used as an indicator

of the presence of pathogens) not exceed 1000 per gram of dry sludge [56]. In

addition to this, industrial sludge contains EDCs, and they may have a broad range

of health effects. When absorbed in the body, an endocrine disruptor can decrease or

increase normal hormone levels, mimic the body’s natural hormones, or alter the

natural production of hormones.

4.1 Inactivation of Microorganisms

The high energy ionizing radiation from radioactive sources such as 60Co or an

electron accelerator has the ability to inactivate pathogens with a very high degree

of reliability and in a clean and efficient manner. Ionizing radiation interacts with

matter both directly and indirectly. Direct interaction takes place with critical

molecules like DNA and the proteins present in microorganisms, thus causing cell

death. During indirect interaction, as is described in Eq. (20), radiolysis products

(e�aq, �H, �OH, HO2
� , H2O2, H2) of water result in the formation of highly reactive

intermediates that then react with the target biomolecules, culminating in cell death.

The presence of oxygen is important in the process, as it is a known radio-

sensitizer that helps fix the radiation damage done to cells, thereby inhibiting their

self-repair mechanism and resulting in the inactivation of microorganisms.

The absorbed dose required to inactivate the pathogenic bacteria is generally

defined in terms of the D10 value, which is the dose required to reduce (through

inactivation or cell death) the microbial concentration by a factor of ten or by one

log cycle. In fact, this principle was the basis for producing radiation sterilized,

single use medical products and is now well established in industry worldwide [3].

Based on the same principle, the pathogens present in sewage sludge can also be

effectively removed by exposure to high energy radiation. The radiation treatment

of sewage sludge offers an efficient, simple and reliable method for producing

pathogen free sludge that can be further upgraded to produce a value added

biofertilizer and allow waste recycling. Therefore, in recent years, irradiation of

sewage sludge as a tertiary treatment process has been investigated [57–60].

It has been shown [61] that a dose of 2–3 kGy destroys more than 99.9 % of the

bacteria present in sewage sludge and leads to the almost complete removal of

helminth eggs and to the inactivation of the agents that cause disease in animals

(Fig. 13).

Doses of this magnitude are employed for the radiation treatment of sewage

sludge at an industrial plant in Geiselbullach, Germany [62], and slightly higher

doses (4 kGy) are used at a pilot plant near Boston, MA, USA [63]. Higher doses

(up to 10 kGy) are required to inactivate more radiation resistant organisms. Doses

of 10 kGy were used at a sewage treatment plant in Albuquerque, NM, USA

[64, 65], and at an installation in Ukraine [66].

In addition to disinfection, irradiation has a beneficial effect on physicochemical

properties of sewage sludge such as the specific resistance to filtration, water

separation and sedimentation. An increase of the sedimentation rate is observed
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when sludge are irradiated [67]. The changes are due to a decrease in the stability of

colloidal particles in the irradiated sludge accompanying radiation induced changes

in the charge on the particles. The changes in the physical properties of sludge do

not affect their quality as fertilizers or fodder additives [66].

4.2 Pilot and Industrial Scale Operation of Sludge Hygienization

The previous works, listed in Table 2, are mainly to disinfect the microorganisms

since the sludge generated by a sewage plant contains a high concentration of

pathogens, which limits the reuse of this waste—a rich source of plant nutrients, the

disposal of sewage sludge in its original form is an economic loss to society.

However, the industrial sludge is used to send to incineration plant or sanitary

landfilling area, but to cause the secondary problems by the release of EDCS to

environment. Thus, it is necessary to enhance the treatment process to ensure the

removal of the EDCs with a high degree of reliability.

A typical EB sludge treatment plant consists of sludge feeding system, electron

accelerator with shield structure (Fig. 14). Dewatered sludge is spread through a flat

wide nozzle onto a stainless steel conveyor belt and fed past the EB in an 8–40 mm

thick layer at a rate that provides an absorbed dose of 5–10 kGy; the maximum feed

rate is 3 ton/h [68]. The thickness of sludge depends on the energy of EB. After

irradiation, the sludge is moved to a conveyor belt where it is composted under

conditions of controlled aeration and frequent mixing. The irradiated sludge, being

pathogen free, can be beneficially used as manure in agricultural fields, as it is rich

in required soil nutrients.

Applying the EB approach for sludge hygienization has also been studied in

Israel [69]. Digested sludge from municipal wastewater treatment plants have long

been used directly in agriculture in Israel. However, owing to infection by

pathogenic microorganisms, the sludge must be processed to reduce the number of

pathogens. An industrial scale plant with the capacity to treat 600 m3 of dewatered

sludge per day (18 % solid contents) with 10 kGy has been planned. This plant will

be equipped with two electron accelerators (50 kW each) and handling facilities,

and is expected to be more economical than other sludge disposal processes, such as

incineration or lime stabilization.
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Fig. 13 Survival of coliform
microbial population as a
function of absorbed dose [61]
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4.3 Enhanced Composting of Radiation Disinfected Sewage Sludge

Problems concerning the land application of sewage sludge include the need to

improve handling through reduced water content and to remove odours and

pathogens. Regulations put into place by the US EPA require that sludge applied to

Table 2 Sludge treatment plant by radiation (Gamma ray or EB)

Facilities Irradiation Source Irradiated material Operation Remarks

Munich, Germany

(1973–1984)

Gamma-ray (60Co)

0.57 MCi

Liquid sewage sludge,

145 m3/day

2–3 kGy Commercial

New Mexico, USA

(1978)

Gamma-ray (137Cs)

0.9 MCi

Sewage sludge cake,

22–90 t/day

10 kGy Pilot plant

Vadodara, India (1989) Gamma-ray (60Co)

0.5 MCi

Liquid sewage,

110 m3/day (4 % SS)

3–5 kGy Commercial

Tucuman, Argentina

(1998)

Gamma-ray (60Co)

0.7 MCi

Liquid sewage sludge

180 m3/day (8–10 %

SS)

3 kGy

Weldel, Germany

(1980)

EB 50 kW (1.0 MeV,

50 mA)

Liquid sewage sludge,

500 m3/day

4 kGy

Verginia Key, USA

(1984)

EB (ICT type) (75 kW/

1.5 MeV/50 mA)

Liquid sewage sludge,

645 m3/h, 4 % SS

4 kGy

10 mm

Pilot plant

Takasaki, Japan (1991) EB (Cockcroft-Walton)

(15 kW/2 MeV/

15 kW)

Sewage sludge cake,

300 kg/h

5 kGy

1–10 mm

Pilot scale

Sao paulo, Brazil

(1993)

EB 25 kW (1.5 MeV,

25 mA)

Liquid sewage sludge,

3 m3/h

3 kGy Pilot plant

Warsaw, Poland (1994) EB (LAE13/9)

(10 MeV, 15 kW)

Sewage sludge cake,

70 t/day

5–7 kGy

2–3 cm

Design

Daejeon, Korea (2005) EB 40 kW (1.0 MeV,

40 mA)

Dewatered sludge 1–3 kGy

6 mm

thick

Pilot scale

Fig. 14 Industrial scale sludge treatment plant with EB (70 ton/day) [68]
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land surfaces or incorporated into the soil be treated using a process that

significantly reduces pathogens (e.g. anaerobic digestion, aerobic digestion, air

drying, composting, lime stabilization). In addition, public access to the site must be

controlled for at least 12 months, and grazing by animals used as foodstuff for

humans must be prevented for at least 1 month [70]. To address these problems,

treatment to stabilize the sludge—for example, composting—is recommended.

Composting of irradiated sludge may have two advantages:

• The composting period may be shortened by seeding of controlled bacterial flora

in sludge;

• Contamination by pathogens or their growth can be prevented by inoculating the

sludge with innocuous composting bacteria.

Studies on composting of radiation disinfected sewage sludge have been carried

out by many researchers [71–73]. For isothermal composting, the optimal

temperature and pH are approximately 50 �C and pH 7–8, respectively. The

repeated use of the product as seed increased the rate of CO2 evolution. The rate

reached a maximum within 10 h and then decreased rapidly, and the conversion of

organic carbon to CO2 was approximately 40 % [71]. By composting irradiated

sludge, the process can be carried out under optimum conditions; moreover, the

composting period is expected to be shorter, because it is not necessary to maintain

the fermentation temperature at a high level long enough to reduce the number of

pathogens in the sludge. The growth of inoculated microorganisms is greatly

affected by the bacterial flora in the medium in which it is growing. Salmonella

grew rapidly in irradiated compost, but this growth was able to be inhibited by

saturation of coliform bacteria after irradiation [72].

4.4 Removal of EDCs from Soil and Industrial Sludge

EDCs and potential EDCs are also found in contaminated soil and sludge. Sewage

disposal into water sources may be a major exposure pathway for EDCs and

potential EDCs to humans and wildlife, directly and via the food chain. This

concerns disposal of treated effluents and applications of recycled water. Some

environmental endocrine disrupting chemicals, such as the pesticide DDT, dioxins,

and polychlorinated biphenyls (PCBs) used in electrical equipment, are highly

persistent and slow to degrade in the environment, making them potentially

hazardous over an extended period of time [74]. Similar processes that have been

applied to aqueous solution were applied to sludge, but do not show good removal

efficiency when EDCs are in sludge [75].

During water radiolysis, highly reactive intermediates form that then react with

the target molecules, culminating in structural changes. To confirm the radiation

reduction of EDCs in industrial sludge, pilot scale experiments up to 50 kGy of EB

were conducted with samples from the textile dyeing industries. The experimental

result showed over 90 % of reduction of nonylphenol and di-ethylhexyl phthalate

(DEHP) at around 10 kGy of absorbed doses [76]. The initial concentration

nonylphenol in raw sludge was 1.5 mg/kg. The experimental result of nonylphenol
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is shown Fig. 15. The concentration of nonylphenol decrease with absorbed doses,

and showed 83 % removal at 10 kGy and 95 % removal at 20 kGy.

Studies have demonstrated that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in

soil can be converted to products of negligible toxicity by radiation. Destruction of

more than 98 % of the contaminants was achieved with a dose of 800 kGy in a soil

containing 100 ppb of TCDD. The addition of contaminants such as dichloroben-

zene and hexachlorobenzene did not affect the result. The addition of 25 % water

and 2.5 % nonionic surfactant was beneficial to the soil studied [77, 79].

5 Electron Accelerator for Environmental Pollution Control

The most important factor determining the economic feasibility of the use of EB

technology in environmental pollution control is the proper selection of the electron

accelerator. Accelerator manufacturers produce many types of electron accelerators

with energies ranging from 0.5 to 10 MeV and beam powers ranging from 50 to

700 kW. For flue gas treatment, electron energies of approximately 0.7–1.0 MeV are

adequate, but EBs with energies above 1.0 MeV are useful for wastewater and sludge

treatment. Such energy levels provide the necessary penetration of accelerated electrons

into wastewater and sludge when applied to admissible hydrodynamic flow regimes.

Accelerators with beam energy greater than 5 MeV are being manufactured at low beam

power (less than 50 kW). Low beam power is adequate for experimental and pilot plants,

but not for large scale treatment in industrial applications. Therefore, medium energy

accelerators achieve maximum practical use for flue gas, wastewater and sludge

treatment. The beam power of such accelerators reaches 700 kW, and there are several

applications that call for the manufacture of accelerators with a beam power of up to

1 MW. The basic criteria for accelerators for environmental application are:

• High beam power to increase productivity and reduce unit operating costs;

• High electrical efficiency to reduce demand and unit operating costs;

• High beam utilization to increase productivity and reduce unit operating costs.
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5.1 Accelerators for Environmental Application

Because of the electrons energy requirements (up to 5 MeV), transformer

accelerators, like the one presented in the Fig. 4, are the most popular. Direct

current (DC) voltage power supplies that are used as high voltage sources are

usually based on the use of oil or gas filled transformers with a rectifier circuit. They

are relatively simple and are the most reliable accelerator component. High voltage

cable is frequently used to connect the power supply and accelerating head when the

voltage level is less than or equal to 0.7 MV. A voltage level above 0.7 MV in a

conventional transformer is impractical because of technical problems with the

insulation and dimensions of such a device. Medium energy (0.5–5 MeV) can be

obtained by a high voltage generator. A different type of inductance or capacitance

coupling makes it possible to multiply alternating current (AC) primary voltage and

obtain up to 5 MV of DC output voltage. The main parameters of selected

transformer accelerators are shown in Table 3. Many different configurations have

been built by major accelerator producers such as NHV Corporation of Japan;

Energy Science Inc., USA; BINP, Russia; NIIEFA, Russia; Radiation Dynamics,

Inc., USA; and others [79].

The lessons learned from pilot and industrial installations have shown that the

technology itself is superior and very competitive with more conventional

technology for environmental pollution [80]. However the problems reported at

the industrial EBFGT plants in China were connected to failure of accelerators; a

similar problem occurred at an installation in Poland as well. The technology

requires application of accelerators of very high power. Therefore, the accelerators

applied in the mentioned installations were of power higher than 250 kW, and

power to two of them was supplied from single high power supply. This was a

breakthrough in the technology, since the required availability of the system is equal

to 92 % of boiler operation time (7000–8000 h/year). The problems related to the

accelerators can be avoided by proper system design, manufacturing and quality

control. One reason for some of the quality issues may be the fact that the equipment

manufacturers themselves have not performed sufficient research in the develop-

ment of very high power accelerators. However, for the industrial wastewater plant

in Korea adopted a 1 MeV, 400 kW with three solid connected irradiation heads

showed a reliable operation of over 8000 h/year [4, 50]. Reliable and moderately

priced accelerators are a key factor for progress in the field.

5.2 Mobile Electron Beam for Pilot Test

Even the advantages of radiation technology on environmental pollution control,

there are very few commercial scale plants in operation since the cost for proving

this technology by pilot scale test on site. Therefore, the needs for economical

methods applying pilot scale are getting more and more the issues in the field.

A low energy electron accelerator in container was used for FGT in FZK,

Germany [81]. The accelerator with the energy and power of 0.2 MeV, 150 mA was

installed in the shielded container for this experiments. A larger mobile equipment

to treat the wastewater was developed [82]. This system mounted on trailer
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consisting of pump room, process room, and control room. In the process room, a

transformer type accelerator of 0.5 MeV, 20 kW is installed. This system was

designed to treat up 200 m3/day of water/slurry, however, due to the penetration

limit of EB, it was difficult to treat larger amount of wastewater with uniform doses.

Because of the necessity of a pilot scale test facility for continuous treatment of a

certain amount of wastewater and gases on the spot, a mobile EB irradiation system

with sufficient beam energy and power was required. Therefore, a mobile EB

irradiation system mounted on a trailer has been developed (Fig. 16). This mobile

EB irradiation system is designed for the individual field application with self-

shielded structure of steel plate and lead block which will satisfy the required safety

figures of International Commission on Radiological Protection (ICRP) [83].

Shielding of a mobile electron accelerator of 0.7 MeV, 30 mA has been designed

Table 3 Parameters of selected accelerators

Accelerator type

Parameter

EPS-800-375 Dynamitron ELV-12

Nominal energy

Energy stability

Nominal beam current

Beam current stability

Beam power

Scan width

Dose uniformity

Mode of operation

No. of scanner

Total beam power

Power consumption

Electrical efficiency

Producer

800 keV

–

375 mA

–

300 kW 9 2

225 cm

±5 %

Continuous

2 heads

600 kW

682 kW

88 %

NHV, Japan

1–5 MeV

±2 %

50 mA

±2 %

250 kW

200 cm

\±5 %

Continuous

One head

250 kW

350 kW

71 %

IBA (RDI), USA

0.6–1.0 MeV

±1 %

500 mA

±2 %

400 kW (3 heads)

200 cm

\±5 %

Continuous

3 heads

400 kW

500 kW

80 %

BINP, EB TECH

Fig. 16 Mobile EB plant (0.7 MeV, 20 kW), mounted on a trailer
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and examined by Monte Carlo technique. Based on a 3D model of electron

accelerator shielding which is designed with steel and lead shield, radiation leakage

was examined using the MCNP code. Calculations of MCNP showed agreements

within statistical uncertainties, and the highest leakage expected is 0.55061

(±0.0454) lSv/h, which is far below the tolerable radiation dose limit of 1 mSv/

week [84]. This mobile unit could treat up to 500 m3/day of liquid waste or

2000 Nm3/h of gases. This unit has been used to demonstrate an on-site pilot facility

for stack gases in Saudi Arabia and for municipal wastewater in Korea (Figs. 7, 17).

The wastewater treatment experiments with mobile EB plant were for the

disinfection of effluent from the municipal wastewater treatment plant in Daejeon,

Republic of Korea. The continuous treatment of effluent showed 95 % removal of

coli-forms at the dose of 0.2 kGy and 99 % removal at 0.5 kGy. The mobile EB

plant has also used for the pilot scale experiments of flue gas treatment from the oil

refinery plant in Jeddah, Saudi Arabia. The experiments were done under the

continuous flow of stack gases bypassed from the chimney. The flow rate was

2000 Nm3/h and the obtained removal efficiencies showed good removal of SO2

and NOx as described in Sect. 2.3.

6 Conclusion

Rapid population growth combined with industrialization, urbanization, and energy-

intensive lifestyles has resulted in severe problems in environment, especially in

large cities. In many countries where industry is concentrated in urban areas, severe

air and water pollution problems have arisen in most of the large cities. Therefore,

the pollution control has become an important subject in the field of environmental

engineering. EB processing of off-gas, wastewater, and sludge is a non-chemical

and additive free process that uses the short-lived reactive species formed during the

radiolysis of EB process for efficient decomposition of the pollutants. Such reactive

radicals are strong oxidizing or reducing agents that can transform the pollutants in

the wastes from the industries and different origins.

Thousands of electron accelerators based on different principles have been

constructed and used in the field of radiation chemistry and radiation processing.

Fig. 17 Mobile EB plant on a pilot scale test of municipal wastewater in Korea
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The progress in the accelerator technology means not only a growing number of

units, but also lower cost, higher dose rate, more compact size suitable to the

production line, beam shaped adequately to the process, reliability, and other

parameters that are important in radiation processing application.

At present, EB technology for environmental pollution control has not found

wide application, and it is used much less often than conventional methods.

However, in recent years pilot plants and industrial scale studies have shown that

EB treatment could occupy an important place in the future. Currently, EB

treatment in combination with conventional methods has been shown to provide

noticeable reductions in the amount of time, area, and power needed for

environmental pollution control. Continuous emphasis on ecological standards will

be an additional motivation for the elaboration and industrial application of EB

treatment. Propagation of EB treatment can improve environmental protection and

provide essential support in industrial development.
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Abstract Gamma radiation has been shown particularly useful for the functional-

ization of surfaces with stimuli-responsive polymers. This method involves the

formation of active sites (free radicals) onto the polymeric backbone as a result of

the high-energy radiation exposition over the polymeric material. Thus, a

microenvironment suitable for the reaction among monomer and/or polymer and the

active sites is formed and then leading to propagation to form side-chain grafts. The

modification of polymers using high-energy irradiation can be performed by the

following methods: direct or simultaneous, pre-irradiation oxidative, and pre-irra-

diation. The most frequently used ones correspond to the pre-irradiation oxidative

method as well as the direct one. Radiation-grafting has many advantages over other

conventional methods because it does not require the use of catalyst nor additives to

initiate the reaction and usually no changes on the mechanical properties with

respect to the pristine polymeric matrix are observed. This chapter is focused on the

synthesis of smart polymers and coatings obtained by the use of gamma radiation. In

addition, the diverse applications of these materials in the biomedical area are also

reported, with focus in drug delivery, sutures, and biosensors.
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1 Introduction

Since the synthesis of PVC obtained by Henri Victor Regnault in 1838, a large

number of polymeric synthetic materials with chemical–mechanical–thermal

properties of the most diverse have been developed [1]. There are a high number

of degrees of freedom for the synthesis conditions; and consequently, the properties

of the resulting material can be as varied. Polymer chemistry has advanced to the

point where it is often possible to tailor-make a variety of different types of

polymers with specified molecular weights and structures [2]. However, sometimes

a small change in the synthesis conditions or concentrations of reagents generates

undesirable changes in the final properties of the material. Surface modification of

polymeric materials has come to represent an interesting and useful alternative for

generation of polymers with specific physical–chemical properties, coupled with the

properties conferred by surface modifications.

There are several means to modify polymers properties, viz. blending, grafting,

and curing. ‘Blending’ is the physical mixture of two (or more) polymers to obtain

the requisite properties. ‘Grafting’ is a method wherein monomers are covalently

bonded (modified) onto the polymer chain, whereas in curing, the polymerization of

an oligomer mixture forms a coating which adheres to the substrate by physical

forces [3].

Among the methods for polymer modification, ‘‘grafting’’ is a promising

technique for the introduction of special functional groups in order to modify their

original properties and broad its applications [4].

2 Grafting Techniques

A graft copolymer is a polymer that is composed of two or more chemically

different polymeric parts [5]. Generally, graft copolymers are polymers composed

of a main polymer chain (backbone) to which one or more side chains (branches) are

chemically connected through covalent bonds [6]. On a random, statistical, or

alternate copolymerization processes, the different monomers compete with each

other to add to propagating centers (radical or ionic), unlike grafting processes

wherein synthesis is carried out not simultaneously; instead, a sequence of separate

noncompetitive polymerizations is used to incorporate the different monomers into

one polymer chain [7].

Graft copolymers have very different properties to raw materials and that has

gained great interest in recent years because it is possible to obtain new materials

from already available ones. The main purposes of a surface modification are

improving the wettability, biocompatibility, and mechanical properties, etc., of a

surface polymer. Grafting copolymers can be obtained mainly by two mechanisms

known as grafting from and grafting to [8]. There are several parameters that control
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the brush properties, such as grafting density, chain length, and chemical

composition of the chains [9].

The processes of ‘‘grafting to’’ and ‘‘grafting from’’ are two different ways to

change the chemical and physical properties of a polymeric surface (Fig. 1).

‘‘Grafting to’’ allows a preformed polymer to adhere to either polymeric surface

through covalent bonds. Due to the larger volume of the coiled polymer to graft and

the steric hindrance this causes, the grafting density obtained by this technique is

low [10]. On the other hand, the ‘‘grafting from’’ process requires the activation of a

backbone polymer previously, which can be carried out by chemical (chemical

initiators) or physics methods (ionizing radiations), initiating the polymerization

process with monomer units around it. With the ‘‘grafting from’’ mechanism, it is

possible to obtain high grafting densities, since there is more access to the chain

ends [11].

Grafting a polymer can be achieved by several techniques, such as chemical,

radiation, photochemical, plasma-induced, and enzymatic means. The different

types of initiators give their name to each grafting technique. Chemical grafting

involves free-radical or ionic initiators; radiation induces graft copolymerization

that uses high-energy radiation (generally gamma, UV, and electrons); photo-

chemical techniques include photo-sensitive reagents as initiators [12] and plasma-

induced grafting implies electron-induced excitation, ionization, and dissociation

attained by slow discharge conditions. Then the accelerated electrons from the

plasma have sufficient energy to induce cleavage of the chemical bonds in the

polymeric structure to form macromolecule radicals, which subsequently initiate

graft copolymerization [3].

Among the grafting techniques, radiation processing is presented as an

alternative with interesting features over other conventional synthesis and

Fig. 1 Synthesis of polymer brushes using ‘‘grafting to’’ and ‘‘grafting from’’ approaches
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modification of polymer matrices methods. The lack of catalysts or additives in

order to initiate the reaction as well as its simplicity are issues to consider [13].

Polymer modification by radiation grafting techniques has been extensively applied

to prepare novel materials (including adsorbents for environmental and industrial

applications) and it is of particular interest to achieve specific chemical properties as

well as excellent mechanical properties [14].

3 Radiation-Induced Grafting

The process of radiation-induced grafting is based on the deposition of energy from

the radiation in the material to be modified. From this energy, highly reactive free

radicals, which give rise to secondary reactions with molecules present in the

medium, will be generated. These radicals easily react with appropriate functional

monomers to form covalent bonds and, as a consequence, growth of macromolec-

ular chains [15], and all of this without the use of chemical initiators.

Each type of ionizing radiation produces the same effect by interacting with

matter (ionization and excitation) [16], but according to their specific nature

(charge, penetrating power (range), linear energy transfer (LET) and stopping power

of the material), highly concentrated free radical areas or homogeneous radical

production along the material can be produced. In the case of electrons, ions, and

protons; due to its high LET, charge and particle size; each particle delivers its

entire energy in a few millimeters and almost without path deviations). For gamma

radiation, an homogeneous delivery of energy will occur, both surface and bulk due

to the high penetration of gamma rays [17]. In some cases, the types of radiation are

combined to generate uniform changes in the material [18], so the type and energy

of ionizing radiation used will determine the changes in structure of the resulting

material.

Due to the inclusion of ‘‘new’’ molecules in the material, the polymer properties

change. Graft copolymerization has been commonly used to modify properties in

polymer structures like poly(ethylene terephthalate) (PET), cellulose, polypropylene

(PP), and polyethylene (PE), with a wide variety of monomers [19].

Another advantage presented by radiation-induced graft copolymerization is that

it enables imparting tailored modifications ranging from surface to bulk of backbone

polymers unlike photo- and plasma initiation, which impart surface modification

only [20].

The degree of grafting in the copolymer may be adjusted by selection of

irradiation and reaction parameters to develop specially designed selective

copolymers for specific applications. Radiation-induced graft copolymerization

may also be initiated over a wide range of temperatures, including sub-ambient

temperatures for monomers available in bulk, solution, or emulsion [20].

There are two basic methods for radiation-induced grafting; including the pre-

irradiation, as well as the mutual or the simultaneous method; with an energy source

being either gamma ray, UV, or electrons [21–23].
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3.1 Methods of Synthesis

Since graft copolymers result from the chemical combination of two macro-

molecules of different chemical nature, and since radiation is known to create

‘‘active sites’’ in polymeric matrix, it is logical to think that various chemical routes

can be followed for the combination of these macromolecules. Among the various

methods that can be envisaged for this purpose, four have received special attention;

these include direct radiation grafting and grafting on radiation-peroxidized

polymers. When polymers are exposed to ionizing radiation under aerated

conditions, trapped radicals and peroxides (or hydroperoxides) are formed and

remain ready to initiate grafting copolymerization reactions [24].

3.1.1 Direct Radiation Grafting Method

In the direct or simultaneous method (Fig. 2), the simple radiation-chemical method

for producing graft copolymers is directly derived from the study of radiation

polymerizations. Most radiation-initiated polymerizations proceed via free-radical

mechanisms, initiated by the free radicals produced from the radiolysis of the

monomer. Nevertheless, since the action of ionizing radiation on matter is

unselective, any substance that is added to the monomer also undergoes radiolysis

and consequently contributes to the initiation of polymerization [5].

In this method, the polymer substrate is immersed in a monomer-solvent mixture,

which may be liquid or vapor and may contain additives. Irradiation produces active

sites in the polymer matrix, mainly macroradicals, which can initiate the graft

polymerization but also the interaction of radiation with monomer can generate

homopolymerization. The latter is an untoward side reaction. As polymer degradation

requires higher absorbed doses than the grafting process, it is possible to performdirect

grafting under controlled conditions without significant damage to the substrate [21].

Fig. 2 Grafting by c-irradiation applying a direct method
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3.1.2 Pre-Irradiation Grafting Method

The polymer matrix is irradiated in the absence of air (in vacuo or under an inert

atmosphere). Grafting is initiated by macroradicals trapped in the irradiated polymer

and homopolymerization is avoided. A disadvantage of this method is the possible

degradation of the polymer matrix due to the need of higher doses than the direct

method. Besides, there’s a significant dependence on the reaction temperature and

crystallinity of the polymer because the concentration of trapped macroradicals is

higher in a crystalline than in an amorphous polymer, and a comparatively low

degree of grafting is obtained [5, 21].

3.1.3 Pre-Irradiation Oxidative Grafting Method

This method involves pre-irradiation of the polymer, but in the presence of air or

oxygen. In this way, the macroradicals formed are converted to peroxides and/or

hydroperoxides, and when the irradiated polymer is heated in the presence of

monomer (in the absence of air), the peroxides decompose to give the macrorad-

icals, which are the active sites for graft polymerization (Fig. 3).

An advantage of the peroxide method is the possibility of storing the irradiated

polymer some time before grafting. Some disadvantages are that the hydroxyl

radical (OH�) produced by the homolytic cleavage of the hydroperoxide group

Fig. 3 Grafting by c-irradiation applying a pre-irradiation method
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induces homopolymerization and the pre-irradiation method requires a higher dose

of radiation than the direct method [5, 21].

The pre-irradiation technique is a clean and effective method for modification of

PP, PE, poly(tetrafluorethylene) (PTFE), etc. Some reports on grafting polar

monomers onto pre-irradiated films have been published [25].

3.2 Modifying Properties by Grafting

Irradiation produces active sites in the polymer matrix, mainly macroradicals, which

can initiate the graft polymerization and homopolymerization of the monomer. If

the polymer has the tendency to crosslinking [e.g., PP, PE, polystyrene (PS),

poly(vinyl chloride) (PVC), etc.] a grafted copolymer is formed. On the other hand,

when a polymer has the tendency to chain cleavage [e.g., PTFE, poly(isobutylene),

cellulose, poly(methyl methacrylate) (PMMA), and polymers containing tetrasub-

stituted carbon atoms in the main chain] the process can result in a block copolymer

formation. Because degradation of polymers requires higher absorbed doses than the

grafting process, it is possible to perform grafting on these polymers [5, 26].

As mentioned before, the type of monomer grafted into the polymer matrix will

determine the resulting properties, and of course, the properties of the monomers are

dictated by the functional groups’ content. Grafting hydrophilic or hydrophobic

monomers can improve the hydrophilicity or hydrophobicity of the material

respectively; with pH-sensitive monomers we can electrically charge the surface of

a material, or modify its swelling properties at different pH’s; grafting self-repairing

materials can improve the mechanical resistance to scratches, etc. Thermosensitive

polymers are a special category of polymers which have in their structure a

hydrophobic and a hydrophilic functional groups [e.g., poly(N-isopropylacry-

lamide), PNIPAAm] [27]; pH-sensitive polymers has ionizable functional groups

[e.g., poly(acrylic acid), PAAc]. Monomers with amines affect the swelling

behavior of the polymer, because amine protonation results in swelling under acid

conditions due to the formation of the ammonium polyelectrolyte, similarly

carboxylic acid substituents form ionized salts at basic pH resulting in increased

network swelling [28]. Polymers that form complexes may associate due to Van der

Waals interactions, ionic bonds, hydrogen bonds, coordination interactions, or salt

bridges formed by polyvalent metal ions [29].

3.3 Grafting Quantification and Characterization Techniques

Innumerous techniques are currently available for polymer characterization in terms

of the assessment of polymer properties. Of those, thermal [30], mechanical [31],

optical [32], and rheological [33] approaches might be determined and used for

further comparison with the grafted material.

Characterization methods used to confirm or track down the grafting process

include Fourier transform infrared spectroscopy (FTIR) [34], nuclear magnetic

resonance (NMR) [35], and X-ray diffraction analysis (XRD) [36]. Considering that

these analyses may detail with precision the grafting process as well as the novel

chemical linkages, such techniques are currently in the spotlight.
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In addition to the above-mentioned techniques, surface studies may also play a

key role in the characterization of grafted copolymers due to their ability to reveal

important information in terms of microstructure and overall morphology of the

grafted polymer [32, 37]. For instance, scanning electron microscopy corresponds to

a very usual technique of choice [38]. Other approaches may be used to evidence the

graft copolymerization, including differential scanning calorimetry [30, 39] and

water contact angle [40, 41], among other techniques.

On the other hand, regarding approaches to quantify grafting, the determination

of grafting yields and grafting efficiency are perhaps the most representative ones.

Both estimations can be performed based on weight of the samples, as represented

in Eqs. (1) and (2) for grafting yields and grafting efficiency, respectively, whereas

Wa stands as the initial weight of the sample, Wb corresponds to the dried weight of

the grafted sample before the extraction, and Wc represents the dried weight of the

grafted sample after extraction [42–44].

Grafting yield ð%Þ ¼ Wc �Wa

Wa

�100 ð1Þ

Grafting efficiency (%) ¼ Wc �Wa

Wb �Wa

�100: ð2Þ

When it comes to functionalized materials aside from the careful and precise

characterization to assure and provide experimental evidence of the functionalization

itself, the tailored function or modification shall be assessed in order to demonstrate

and detail the acquired properties, e.g., thermo-responsiveness is well demonstrated

by LCST measurements [45, 46], while pH-responsivity is commonly evaluated by

determining the pH critical point [47]. In practical means, the characterization and

experimental evaluation of the functionality should be carefully designed and

performed on a responsiveness or ‘‘functionality’’-based approach.

4 Smart Polymers

Stimuli-responsive polymers are polymers that respond sharply to small changes in

physical or chemical conditions with relatively large phase or property changes

[48]. The stimuli in which smart polymers respond to are commonly classified into

three categories: physical, chemical, or biological [49]. Temperature and pH

stimuli-responsive macromolecular materials have attracted great attention due to

their obvious applications in biomedicine and biotechnology [50].

4.1 Smart Polymeric Materials Obtained by Ionizing Radiation

Responsive behavior of polymeric materials could be formally considered as a

combination or sequence of several events: (a) reception of an external signal

(physical or chemical), (b) chemical change of the material and/or changes in the

material properties, and finally (c) transduction of the changes into a macro/
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microscopically significant event such as aggregation-deaggregation (commonly

referred to as response). For example, microgel particles from a crosslinked weak

polyelectrolyte (polybase) dispersed in water are sensitive to variations in pH of the

medium. Changes (decreases) in pH cause changes in the ionization degree of the

polyelectrolyte, and with the change in the ionization degree of the polyelectrolyte

comes a molecular conformational modification [51, 52]. One of the smart polymers

most studied is probably PNIPAAm, which exhibits a lower critical solution

temperature (LCST) between 30 and 35 �C [53]. Acrylic acid (AAc) is one of the

important monomers grafted on the matrix of different polymers, where their chains

act as reaction sites to introduce various functions through carboxyl groups, and

because of its pH-sensitive response [54].

4.1.1 Temperature-Responsive Polymers

Temperature-sensitive polymers exhibit LCST behavior where phase separation is

induced at a certain temperature threshold. Polymers of this type undergo thermally

induced reversible phase transition. They are soluble in aqueous solutions at low

temperatures but become insoluble as the temperature rises above the LCST. It is

possible to increase the functionality of microgel particles by finding the right

balance of hydrophobic and hydrophilic co-monomers or by tuning to a desired

temperature range by copolymerization using more hydrophilic (which raises the

LCST) or more hydrophobic (which lowers the LCST) co-monomers [55, 56].

Heskins and Gillet were the first to report an endotherm observed at the LCST

upon heating an aqueous solution of PNIPAAm [57]. Grinberg [58] have studied the

volume phase transition in responsive polymers using high-sensitivity differential

scanning calorimetry (DSC) and as well as the swelling behavior of the polymers at

different scanning rates. It was possible to measure the dependence of the transition

parameters on the heating rate. The DSC measurements, by heating at different rates

(from 1 to 10 �C/min), provided results nearly approximating equilibrium and LCST

or UCST. The transition temperature, enthalpy, and entropy of this thermosensitive

behavior as well as the transition LCST are parameters that may be estimated.

4.1.2 pH-Responsive Polymers

pH-responsive polymers consist of ionizable pendants capable of accepting and

donating protons in response to environmental changes in pH such as carboxylic

acids and basic amino alkyl moieties [59]. The change in the charge of pendant

groups causes an alteration of the hydrodynamic volume of the polymer chains [60].

Then, the transition from collapsed state to swollen state is caused by the osmotic

pressure generated by mobile counterions which neutralize the charges [61]. The

phase transition of pH-sensitive polymers is nominated critical pH. In the human

body, pH variations are present along the gastrointestinal tract and in problematic

sectors like tumor areas and surrounding tissues [62]. Drug delivery in these specific

areas make relevant the need for the development of pH-sensitive systems with fast

response to changes in environmental stimuli. A fast response of a polymer and a

repetitive function of another polymer may be combined using different
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functionalization techniques such as c-irradiation. Most grafting reactions, which

take place on the surface or in the bulk polymeric matrix, allow the design of

clinically effective controlled drug-delivery systems, supported by the concept of

achieving optimized combinations between monomer and the polymer itself.

5 Applications

Applications of functionalized materials by grafting abound in the literature, as such

modifications brought to light novel applications and perspectives in terms of their

usage, considering the possibility to tailor the materials as desired or required [63].

Examples of materials based on functionalized polymers include smart membranes

for separation science [3], conducing polymers [63] for energy and wire technology,

responsive materials, including pH- [4], thermo-responsive polymers [64], as well

as light- [65] and magnetic-responsive polymers [66], for a wide variety of

biomedical and technological applications.

In terms of biomedical applications, functionalized polymers are currently

applied for tissue engineering and cell cultivation, biotechnology, biomedicine, and

pharmaceutical technology, among others areas that may directly benefit from the

advancement of material sciences. A highlighted application is related to cell and

tissue cultivation as the grafting of biological substances or other bioactive ones

onto polymer substrates has been proven effective towards controlling important

parameters for cell growth and tissue development, which may somehow modulate

cell affinity, and therefore provide control over the process. However, this work

debates the biomedical applications of grafted functionalized polymers by means of

sensors, drug delivery, and sutures specifically.

As reviewed earlier, grafting different functional groups in polymer matrices

allows us to modify the original properties of the irradiated material, but if we graft

molecules with stimuli-responsive properties, we can obtain materials with unique

properties that change their behavior according to the environment in which they

are. Researchers around the world have found various application fields of

intelligent polymers grafted on polymeric surfaces in the areas of development of

medical devices for drug delivery, biosensors, and implant development.

5.1 Surface Modification Polymers for Medical Purposes

Gamma-ray irradiation enables the grafting of medical devices with polymers

containing functional groups capable of interacting with drug molecules. Depending

on the chemical structure of the substrate and the monomers to be grafted, different

levels of performance can be achieved [67].

The synthesis of new polymeric materials for biomedical applications are of great

interest. However, they should pass exhaustive testing to demonstrate their non-

toxicity, biocompatibility, and industrial feasibility; so a lot of time will pass before

these kinds of materials have real application and then most of them will be

discarded [68]. Instead of synthesis of new materials, biomaterial modifications

seem to be the short-term solution for improvement of medical devices to some
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extent, as biological safety will have to be determined as a brand new system.

Applying surface modification on materials already approved for medical use, we

could enhance their properties as biocompatibility, resistance to degradation,

mechanical properties, and thermal stability providing perhaps a shorter way for

novel alternatives for most.

Device-related infections are among the most serious complications in medical

procedures. Its importance arises from the high occurrence and the consequences that

it implies in terms of morbidity and mortality. As a result, the presence of these two

factors increases hospital costs significantly. If scientists get to synthesize drug-coated

biomaterials, it will be possible to reduce device-related infections contracted at

surgery during the early post-insertion period, and most infections identified in

patients that have been treated with polymeric implants should be delayed, even

infections caused bymicroorganisms from the skin flora and nosocomial environment.

Surface modification of materials used on medical device manufacturing to obtain

drug impregnated polymers takes relevance when we talk about microbial resistance

to antibiotics. Research has recently been published that accounts for the existence of

antimicrobial-resistant strains. Many of them indicate the existence of methicillin-

resistant Staphylococcus aureus (MRSA), Pseudomona aeruginosa, and Escherichia

coli cells. The direct treatment of microbial infections with drug-impregnated medical

devices suggests a simple method that releases the drug at a specific site, decreases

costs [69], avoids or reduces invasive dosage forms, and minimizes the antimicrobial-

resistance effect by not unnecessarily exposing other bacteria to antibiotics [70, 71].

Another area of opportunity for surface modification includes body-contacting

materials [72]. Surgical devices and biomedical materials could incorporate drug-

delivery systems through insertion of hydrophilic groups with hosting drugs capability

through ionic interactions, van de Waals, and hydrogen bond.

The effort should focus mainly on three aspects. First of all, improving the

treatment of the complication (treatment and administration routes); secondly,

enhancing the hydrophilicity (obtaining lubricity) of biomedical devices, improving

biocompatibility [73], and reducing protein adhesion [74]; and finally, increasing

preventive measures. This latter point may be the most interesting of all because it

focuses on prevention [68].

Medical devices used in vivo should satisfy requirements for performance, bio-

interaction, and biocompatibility. The understanding of structure–properties rela-

tionships in polymers is advanced, so the desired mechanical properties, durability,

and functionality can be achieved [75]. Bio-integration is the ideal outcome

expected of an artificial implant. This implies that the phenomena that occur at the

interface between the implant and host tissues do not induce any deleterious effects

such as chronic inflammatory response or formation of unusual tissues [76].

The most interesting methods to modify a polymer for biomedical purposes are

plasma and high energies, (Fig. 4) due to simultaneous sterilization of the material

provided by the method [75] and no need of chemical initiators that could represent

a biocompatibility problem. It is possible to change many properties with this kind

of method (Table 1). Surface treatments can be broadly categorized as function-

alization, derivatization, polymerization, and mechanical or surface architecture

modification.
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Dozens of review articles have been reported about surface-modified materials

trying to provide a possible solution to biocompatibility and drug release [77].

Materials such as poly (acrylonitrile butadiene styrene) (ABS), silicone rubber (SR),

PE [78], PP, and polyurethanes (PU) [79, 80] have been functionalized grafting

organic compounds with ionizable groups [e.g., poly(carboxylic acids), poly(N,N-

diakyl aminoethyl methacrylate) [81], chitosan, etc.] in order to host anti-

inflammatory drugs or antimicrobials such as ibuprofen, sodium diclofenac

(bacteriostatic), naproxen, vancomycin, or for biomolecule immobilization (en-

zymes) [82, 83]. Several reports mention that inclusion of poly(ethylene oxide) or

poly(ethylene oxide)-acrylic acid mix on catheters surface [84] present a reduction

in bacterial adhesion caused for negatively charged surface [85]. On the other hand,

fabrication of surfaces with positive charge results in broad-spectrum antimicrobial

Fig. 4 Surface modification of polymers using ionizing radiation: gamma rays, UV, and electrons (a).
Functionalization using plasma with different agents (b)

Table 1 Surface modification of polymer materials

Physically Physical adsorption; Langmuir–Blodgett films

Chemically Alkaline or acid-etching oxidation, e.g., through ozone; other chemical

transformations

Physico-

chemically

Photo activation (UV); corona treatment; treatment with electron or ion irradiation;

laser treatment, gamma irradiation; plasma treatment
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activity [86, 87]. Although the mechanism of action is still subject of debate, the

general consensus is that the positive charge disrupts the lipid membrane of

microbes. Polysaccharides such as chitosan and poly(4-viylpyridine) show this

activity due to the high nitrogen content of the polymer creating a cationic surface.

5.1.1 Catheters

A polymeric implant is another type of application (probes, prosthetic valves, and

catheters). The infection process starts in the implant site; there, the bacteria slowly

grow and the antimicrobial hardly gets there, mainly when drugs are intravenously

administered or by pills. The cell-adhesion profiles depend of surface architecture

and roughness of implants [88]. There are studies that indicate the existence

between cell adhesion and polymer surface; the bacteria adhesion occurs mainly

when the polymer has a hydrophobic surface [89, 90]. Complications associated

with catheters are very common around the world (450,000 cases per year in the

USA alone) and the direct costs amount to over a billion dollars [91]. The main

reason for the infection is due to adhesion of (Fig. 5) Escherichia coli, Candida

spp., Enterococcus spp., Pseudomona aeruginosa, Enterobacter spp., Staphylococ-

cus epidermidis, Bacillus subtilis, and Staphylococcus aureus [92, 93]. Avoiding

and solving this problem when it occurs is very important in preventing

complications that could cause a patient’s death.

5.1.2 Coating with Shape-Memory Polymers

Temperature-sensitive polymers, and more specifically shape-memory polymers,

have been used in the preparation of minimally invasive surgery medical devices.

The unique properties of these materials allow the introduction of the medical

device in a compressed form followed by expansion once it is located in the desired

place by minimally invasive surgery procedures [68]. Materials such as guidewires,

Fig. 5 Infection sites in an implanted urinary catheter. Bacteria can gain access to the peritoneal cavity
either by contaminating the connector and the catheter lumen, or by migration from the skin exit site
down the catheter track through the tissue
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stents, and others biomedical metallic materials have been surface-modified using

an exterior coating method with poly(tetrafluoroethylene) (PTFE) or a hydrophilic

polymer to reduce friction and simultaneously provide the necessary properties for a

guidewire to negotiate a tortuous ureter path [94].

The chemical and physical characterization of biomaterials generally focus on

the structure and properties of the polymer matrix, however, in the case of surface-

modification polymers, the characterization techniques focuses mainly on surface

functional groups, functional layer thickness, roughness, etc. Roughness is a very

important factor to analyze in biomaterials because it is intrinsically related to

bacterial adhesion [88].

The three most commonly used surface composition characterization techniques

are ATR-FTIR, XPS, and SEM (Table 2); each with different penetration depths.

Cell adhesion and toxicity tests with some cell (biocompatibility) are necessary to

know if materials have toxic effects [95].

5.1.3 Graft Sutures

Suture is a fiber or fibrous structure attached to a metallic needle [96], mainly

employed in surgery procedures as biomaterial device, used to ligate blood vessels

and hold tissues together [97]. They can be classified according to the origin of the

materials which they are made of (natural or synthetic), the permanence of the

material in the body (absorbable or non-absorbable) and the construction process

(braided, monofilament) [98, 99]. Suture materials should satisfy specific require-

ments: easy to handle, elicit minimal tissue reaction, do not support bacterial

growth, possess high tensile strength, easy to sterilize, hypoallergenic properties,

and do not induce carcinogenic action [97].

Table 2 Biomedical-related surface properties with corresponding measuring methods

Surface characteristics Methods

Geometry: roughness, topography, specific

surface, layer thickness

Profilometry, field emission, REM, AFM, interface

microscopy-adsorption isotherms, BET surface

area, pore radius distribution

Surface energy: wettability (specially;

hydrophilicity)

Contact angle geometry; for biomaterials, mainly the

captive bubble method is used

Physical characteristics: adsorption, scratch

resistance, other mechanical, electric and

optical characteristics, adhesion

Adhesion test after cross-hatch cut, and/or thermo

test, permeation measurements, elastic

characteristics; for diagnostic purposes; refractive

index and fluorescence background radiation

Chemical composition: surfaces and thin layer,

chemical functionality of surfaces

FTIR-ATR, IR microscopy and spectroscopy,

ESCA-imaging, AES/SAM, fluorescence

spectrometry, MALDI-TOF–SIMS

Biological characteristics: biocompatibility, cell

adhesion, specific/non-specific, protein

adsorption

Growth and toxicity tests with various cells, protein

adsorption with IR and fluorescence labeling
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In general terms the most important requirements of sutures materials are

physical and mechanical properties, biocompatibility and antimicrobial nature [96];

in this sense, some materials currently marketed may become fallible and, as a

result, multiple side-infections related to suturing procedures occur in a certain

percentage of the patients [100]. This raises the need to develop or modify the

existing suture devices in order to make them able to acquire antimicrobial activity

analogous to the drug design, either by coating [101] or grafting pristine sutures

with antimicrobial polymers and/or containing functional groups capable to load or

adhere antimicrobial drugs onto the surface of the modified suture (Fig. 6).

Most commonly, reports for grafting sutures employs 60Co as c-radiation source

(Fig. 7). Radiation grafting has proved to be a very effective technique to get

desirable properties onto a polymeric material without any consideration of the

shape of the material [102].

The irradiated materials may retain most of their original characteristics and also

acquire additional properties of the grafted moiety; the structure, in some cases,

changes during the modification process, depending on the nature and the amount of

monomer grafted [103, 104]. It is true that the radiation-grafting technique may

have limitations to generate biomedical devices because it produces changes not

only in the biomaterial surface but throughout the polymer matrix, which can lead to

undesirable changes in the structure and properties of the device [105]. In other

cases, the use of ionizing radiation provides the energy required for activation of

molecules in the material that under other conditions cannot be achieved by the lack

of reactive groups.

Fig. 6 Electrostatic load-release (a) and covalent immobilization (b) of drugs on modified sutures
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Some examples of PP grafting matrix are described below [102, 104, 106]:

PP-g-PAN and PP-g-PAAc: Acrylic acid is one of the most popular monomers

that have been grafted onto different polymeric matrices and its polymer or

copolymers with pH-sensitive response have the capability to undergo further

chemical reaction to produce new functional groups [4]. The grafting percentage of

AAc onto PP films by pre-irradiation method was increased as a function of reaction

time and reaction temperature [14].

Due to the inherent reactivity of the acrylic acid, homopolymer formation is the

main polymerization reaction when radiation-grafting technique is used. Efforts

have been made to obtain carboxylic acids’ high-content surfaces without

compromising the sutures’ physical properties.

The grafting polymerization using pre-irradiation technique of acrylonitrile (AN)

onto PP monofilament leads to an increase in tenacity up to a graft level of 5 %

[104]. Subsequent hydrolysis is an effective way to introduce carboxylic groups into

the monofilament. The transformation of nitrile groups into carboxylic groups

proceeds under sodium hydroxide conditions to achieve PP-g-AAc, as this reaction

is necessary for loading the drug; the hydrolysis leads to a considerable loss of

mechanical strength in the grafted suture. This approach produces a suture with

carboxyl functionality PP-g-AAc of 62 % or about 0.25 mmol/g, which is enough

for subsequent antimicrobial drug immobilization [102, 106].

Fig. 7 Suture c-radiation grafting: a direct irradiation and b pre-irradiation grafting method
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PP-g-PVIm: Here, sutures were prepared by the simultaneous radiation grafting

of 1-vinylimidazole (VIm) onto PP monofilament with results around 5–20 %. The

tenacity slightly decreases, whereas the elongation augments with the increment in

the degree of grafting.

The grafted suture has reasonably good water uptake. The PP-g-PVIm grafting

was immobilized with an antimicrobial drug, ciprofloxacin. The modified suture

releases the drug over a period of 4–5 days, the same period of time that the material

showed antimicrobial activity in vitro against Escherichia coli [107].

PP-g-PAAc and PP-g-PGMA: Recently, our investigation group developed

separately grafting AAc and glycidyl methacrylate, GMA onto PP sutures applying

c-ray pre-irradiation oxidative method under various experimental conditions,

therefore a different range of grafting was obtained (GMA: 25–800 %, AAc:

9–454 %). Synthesis and antimicrobial activity from this study was: (a) with PP-g-

AAc load and release of vancomycin drug, here only ionic interactions are involved

and (b) the irreversible covalent immobilization of the drug onto PP-g-GMA via the

opening ring of the epoxy groups, then, the alcohol oxidation to the aldehyde, which

reacts with the amino groups of the vancomycin and finally to the reductive

amination of the copolymer. In both cases, antimicrobial activity against Staphy-

lococcus aureus was corroborated [103].

5.2 Biosensors

Sensors are transducers that detect changes or events in the environment to produce

an outcome, i.e., have the feature to convert one sort of energy (signal) to another,

generally into an electrical signal. The advantage of sensors against chemical

analysis techniques results from the fact that they are specialized, small size,

portable, and inexpensive devices that are suitable for in situ analysis and real-time

monitoring of chemical and physical parameters [108].

Within the different types of sensors used today, biosensors have gained

importance and interest in the scientific community due to their performance and

application possibilities for knowledge and monitoring of biological processes.

Biomedical sensors acquire signals thanks to a bioreceptor (biological recognition

element), representing biomedical variables or phenomena and transform them into

electrical signals. These kinds of sensors have an interface between a biologic part

and an electronic system; thus both parts must function in such a way that do not

change or affect adversely the systems. Table 3 shows different types of sensors

according to its interface. In the last years, these sort of sensors have been defined as

biosensors.

A variety of sensors can be applied for biomedical purposes; it is possible to

classify them into two wide groups according to the transduction principles

involved. Table 4 shows the two groups of sensors.

The sensors with physical structure can measure the changes in electrical and

optical phenomena inside the human body, e.g., quantify pressure, blood flow,

corporal temperature, muscular stretching, and bone growth [108]. On the other

hand, although chemical sensors can be applied to measure these changes too, they

are particularly useful for detecting, quantifying, and monitoring the presence of
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different elements or compounds in specific concentrations, as well as for

determining the activity and interaction with other elements inside a determined

biological process to generate a possible diagnosis and therapy [109].

The materials to design and develop biosensors have been changing over time.

One of the main problems faced by the biosensor technology is the rejection of the

device by biological systems [110]. Thus, efforts have been focused to provide

different materials that permit the correct integration between systems (biocom-

patibility). Moreover, it is well known that sensor performance can be modified by

the interaction with biological systems. The degradation due to the exposition to

biological matter is related to the type of sensor. In the case of internal sensors

(inside the body) degradation degree is faster and, as a consequence, the

performance would be decreased and the structure-design will be compromised.

Biomedical sensors should have a flexible base structure capable of deforming and

adapting to body form. The latest research has been testing and developing

biocompatible polymers with excellent mechanical properties. The principal

biomedical applications are generating wound-relief membranes with drug delivery

[111], adhesives for biological implants, sensor skin support [112], cartilage and

artificial meniscus [113], and eye-drop lubricant and fibers [114].

Radiation-induced grafting is presented as an alternative method for function-

alization of polymer surfaces to improve biocompatibility of biosensors. Not only

can they improve biocompatibility, molecules or polymers sensitive to electrical,

magnetic, or chemical changes can be grafted, meaning a higher sensitivity,

resistance, and specificity to certain biological processes. Poly(vinyl alcohol) (PVA)

is one of the polymers used for this purpose. It is both water-soluble and flexible,

characteristics that increase biocompatibility and mechanical resistance, respec-

tively. Another polymer is PS, which excellent biocompatibility, low permeability,

non toxicity, has good adsorption, mechanical, and chemical resistance. All of these

features make polystyrene a candidate for use as a base for immobilizing enzymes

[115] and drug delivery [116]. PMMA is another biomedical material that is

Table 3 Types of sensors

(interface)
Non-contacting (non-invasive)

Skin surface (contacting)

Indwelling (minimally invasive)

Implantable (invasive)

Table 4 General classification

of sensors (biomedical

application)

Physical structure Chemical structure

Mechanical Electrochemical

Electric Photometric

Thermal Bioanalytic

Optical Gas

Geometric Physical chemical methods

Hydraulic
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resistant to inorganic solvents, has good optical capacity (92 % transparency), a

high rate of refraction and biocompatibility. A common application is for intra-

ocular lenses, dental prosthesis [114], thin films, electronic skin devices, and

support [112].

Other materials with the possibility of being grafted for sensor applications are

conductive polymers (CP). Unless the knowledge about the amorphous structure on

polymers and classified like electrical isolators, the CP have conducting properties

achieved by incorporation of small concentrations of conducting materials (doping)

or by inclusion of conjugated p electrons systems [117]. In some cases, CP let a

good flow of electrons closing to conductivity values of some metals ([103 S/cm).

Polymeric materials with conductive properties gather structural physical–chemical

characteristics inherent to polymers with electrical conductivity of metals [118].

One of the most used conductive polymers is polypyrrole (PPy) due to its

characteristics of high conductivity, biocompatibility, oxide-reduction activity,

ductility, possibility of surface modification [119], capability to form thin films

[120], and corrosion protection [121]. Grafting polypyrrole molecules onto different

substrates generates materials with applications in organic electronic devices [121],

rechargeable batteries, light emission diodes (LED) [118], electrochemical sensors

[121], thin films [119], synthetic fibers, and protection shields on semiconductors

[120]. Another CP is the polyaniline (PANI). Chemical and thermal stability,

controllable conductivity, high conductivity in terms of frequency, electromagnetic

shield interference and microwave absorption [122] are their common character-

istics, and are usually used to fabricate low-cost photovoltaic panels, high-

performance batteries [119], organic volatile compound detectors [123], and organic

electronic circuits [124]. Another material is the polythiophene (PT), with properties

like biocompatibility, possibility of chemical modification, high conductivity, and

stability, being one of the early organic materials used in the electronic industry,

like FET transistors [125] and semiconductor films [126]. All of these materials

modify their conductive properties through increasing or decreasing the electrical

resistance based upon reactions of oxide-reduction.

5.3 Grafting Polymer Matrixes for Cell and Tissue Cultivation

Another important application for radiation grafting technique is the modification of

biomaterials to enhance or lighten-up interactions with living tissues. The surface of

the biomaterial comes in contact with the living tissues, thus the initial response of

the body towards a biomaterial depends on its characteristics. Hence, proper

designing and/or modification of the surface is of considerable importance for

enhanced compatibility of the biomaterial. In the tissue compatibility case, two

types of reactions can occur: inflammation and immunogenicity, but in the blood

compatibility the fastest reaction is often thrombogenicity. The inevitable inflam-

mation in the tissue compatibility occurs around the implanted material and its

function is to allow elimination of dead cell debris and further tissue repair. A

material of optimal biocompatibility should not increase the intensity and duration

to the basic response, nor prevent the tissue repair. The interactions between blood

and a polymer surface depend on various parameters determined by the structure
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(e.g., crystallinity, molecular conformation, roughness, rigidity, and degradation),

composition (e.g., chemical group associated with the hydrophilic/hydrophobic

balance, type of electrical charge, ionizable groups, and micro-domains), and

dimensions (e.g., surface area and size) of the material. Grafting several molecules

on the biomaterial surface allows us to modify these parameters and characteristics

in order to promote tissue growth and, as a consequence, the acceptance of the

polymeric material by living tissue and biocompatibility. These reactions are

generally different for each material, but at the design and synthesis of a polymer for

biomedical use, these parameters must be taken into account [127, 128].

Current approaches are giving considerable efforts in providing niche theories

and solid bases considering a pore-size perspective ranging from nano to

micrometer range, trying to establish a direct connection with cell growth. In this

context, several works are being carried out considering the development of

scaffolds with well-defined pore size and distribution [129, 130]. Apart from a size

perspective, grafting of biomolecules of biomedical interest may also be directed

towards functionalization of surfaces and polymers that were seek for site specific

delivery, provide biological affinity, among other properties. From a developmental

point of view, several modifications may be carried out on a surface or backbone

level for improving biological affinity [131–133]. Within this perspective, several

potential biomolecules may be grafted onto polymeric matrixes, also along polymer

structure, including proteins [131–134], growth factors [135], among other

biomolecules of interest.

A highlighted and renowned application for grafted polymer and grafted polymer

matrices is related to cell and tissue cultivation, whereas grafting of biological

substances or other bioactive compounds onto polymer substrates has been proven

effective towards controlling important parameters for cell growth and tissue

development, which may somehow modulate cell affinity and therefore provide

control over the process. Thus, when it comes to tissue engineering or cell

cultivation, lots of attention has been driven towards the development of smart

matrices capable of promoting cell attachment and adhesion and cell growth

[136–139].

Advanced systems comprise stimuli-responsive materials, e.g., thermoresponsive

matrices [135], which may modulate cell affinity as a function of temperature. In

practical terms, these systems allow cell cultivation with adequate adherence by

providing a suitable microenvironment for cell and tissue growth, and when

appropriate, changes in temperature lead to complete cell detachment, which is

adequate for quick tissue removal, without requiring direct handling.

6 Conclusions and Remarks

In terms of relevance, the contribution of polymer grafting to the advancement of

materials science is well established, as it unraveled novel applications for

conventional materials as a result of the responsive or tunable properties added to

the products through the grafting process. Within this context, this chapter detailed

the state of the art of polymer grafting, by means of high-energy irradiation,
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including fundamental aspects of synthesis and characterization, with focus on the

functionalization of surfaces for biomedical applications.

Three techniques are currently available for the development of grafted polymers

or functionalization of surfaces with stimuli-responsive polymers by the use of high-

energy irradiation, known as the pre-irradiation method, pre-irradiation oxidative

method, and the direct method. Such techniques lead to distinct grafting and

homopolymer formation yields and require different experimental parameters or

conditions to be applied. Thus, the selection of the method should rely on the

characteristics of the monomer or functional group, and the polymer itself, as well

as the desired properties to be achieved.

Radiation-grafting has advantages over conventional methods, including the lack

of a needed catalyst or additives to initiate the reaction, and usually, no changes of

the mechanical properties with respect to the pristine polymeric matrix are

observed. In addition to these characteristics, irradiation may allow simultaneous

sterilization of the systems, depending upon the irradiation dose.

Finally, some applications of grafted polymers and grafted polymer-based

materials were described including the development of graft biomaterials for drug

delivery, graft sutures, and for use as biosensors. The main advancement provided

by the technique towards biomaterial development concerns the possibility to

originate materials capable of responding to biological or microenvironmental

changes, without the need for an external interference. In terms of drug delivery as

an example, the benefits arise as low doses of medicines may be administered in

longer periods of time with less toxicity as a consequence. On this account, future

perspectives abound as novel possibilities and functionalized materials are created

continuously in the search to solve issues regarding drawbacks of polymers or

polymer-based materials.
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Abstract Nanogels combine the favourable properties of hydrogels with those of

colloids. They can be soft and conformable, stimuli-responsive and highly perme-

able, and can expose a large surface with functional groups for conjugation to small

and large molecules, and even macromolecules. They are among the very few

systems that can be generated and used as aqueous dispersions. Nanogels are

emerging materials for targeted drug delivery and bio-imaging, but they have also

shown potential for water purification and in catalysis. The possibility of manu-

facturing nanogels with a simple process and at relatively low cost is a key criterion

for their continued development and successful application. This paper highlights

the most important structural features of nanogels related to their distinctive

properties, and briefly presents the most common manufacturing strategies. It then

focuses on synthetic approaches that are based on the irradiation of dilute aqueous

polymer solutions using high-energy photons or electron beams. The reactions

constituting the basis for nanogel formation and the approaches for controlling

particle size and functionality are discussed in the context of a qualitative analysis

of the kinetics of the various reactions.
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1 Nanogels: Soft, Dynamic, Challenging Nanoparticles

Hydrogels are macroscopic, three-dimensional networks of hydrophilic polymer

chains that can absorb a significant amount of water. The presence of chemical (i.e.

covalent or ionic) crosslinks, physical crosslinks (e.g. van der Waals interactions,

hydrogen bonds, crystalline domains, intermolecular complexes), or a combination

of both, prevents or delays polymer dissolution when these materials are exposed to

aqueous solutions. Nanogels are nanoscalar polymeric networks. The IUPAC

defines a nanogel as a gel particle of any shape with an equivalent diameter of

1–100 nm [1]. The definition has often been extended to sub-micron gel particles,

thus overlapping with the size range of microgels, which spans 100 nm to 100 lm.

Many different polymeric architectures have been classified as nanogels,

including hydrophilic or hydrophobic crosslinked polymer nanoparticles, core-

crosslinked or shell-crosslinked micelles of amphiphilic polymers, liposomes

modified with crosslinkable polymers, and various composite inorganic/crosslinked

polymer nanostructures [2]. Here, we will be mainly concerned with hydrophilic

polymer networks that can be swollen by water or aqueous solutions.

Nanogels are characterised by an ‘‘equilibrium’’ swelling condition that is the

result of the same force balance that governs the swelling of their macroscopic

analogues [3]. Hydration and osmotic ‘‘repulsive’’ forces drive the polymer

segments apart, favouring the ingress of solvent, while elastic ‘‘attractive’’ forces

are attributed to chain stretching and bond deformation that tend to restore the

unstrained chain conformation. When nonpolar chain segments, hydrogen bonding

groups or complexing moieties are present in the network (as part of the backbone

or as lateral grafts), further components of the attractive forces shall be considered;

they can be classified as hydrophobic [4], hydrogen-bonding [5] and coordination

bonding forces [6], respectively. If ionisable groups are present, repulsion between

fixed electric charges in the network should also be taken into account, alongside the

extra contribution to the osmotic pressure owing to the presence of counterions [7].

The swelling degree of nanogels, and thus their hydrodynamic size, is the result of

their chemical structure, crosslinking degree and density, and the quality of the

solvent (its chemical composition and temperature) in which they are dispersed.

Aside from intraparticle forces, inter-particle forces also affect the behaviour of

nanogels. In general, nanogels are characterised by high colloidal stability in aqueous

media, mainly due to the steric stabilisation exerted by the dangling chains stretching

out in the solvent and the very small density mismatch with the solvent. When

ionisable groups are present, electrostatic stabilisation can also contribute to the

overall stability, provided that the ionic strength of the dispersing medium is not too

high. As expected, there is a very strong interplay between intra- and inter-particle

interactions, and the conditions that favour the collapse of the network can also affect

the colloidal stability of the nanoparticles, leading to their association [8].

This highly dynamic internal structure of nanogels makes them flexible and

adaptive in shape. When nanogels are used as drug carriers, their flexibility and

shape-changing ability can facilitate the bypass of biological barriers, ensure

protection of the payload, and enable the interaction of any attached ligand with its
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receptors. For example, poly(N-vinylpyrrolidone)-based nanogels covalently con-

jugated to insulin can protect the hormone from enzymatic degradation by

conforming around the protein. When they reach the cell membrane, the insulin

becomes exposed to the receptors where the hormone activates its signalling

cascade. The multiple weak interactions established between the polymeric

segments of the nanogel and the protein when in the culture medium are reverted

by the stronger interactions between the protein and its receptor when the

nanocarriers approach the cell membrane [9].

Numerous techniques have been applied for measuring the particle size and size

distribution of nanogels, most of which express the results in terms of equivalent

spherical radius. In most cases, when the nanoparticles are non-spherical, different

measurement techniques produce different size distributions. Therefore, a form

factor should be preliminarily determined. All characterisations will be sensitive to

heterogeneous impurities; therefore, particular care should be taken in sample

preparation, storage and handling.

Some analytical techniques can strongly influence the size and shape of nanogels,

especially when the preparation forces the nanogels to lose part or most of their

hydration water and to interact with other materials and surfaces or, for example, with

the substrates used for sample deposition such as in scanning electron microscopy

(SEM), transmission electron microscopy (TEM) or atomic force microscopy (AFM).

It must also be emphasised that these techniques require the analysis of numerous

images to obtain statistically relevant morphological characterisations.

Laser light scattering is the most common methodology for characterising

nanogel particle size as dispersions in a given medium. Particle size is determined as

the radius of the impenetrable sphere that would scatter light at the same angle and

intensities. In particular, dynamic light scattering (DLS) measurements are related

to the Brownian motion of the dispersed particles in the medium [10]. This

movement causes fluctuations in the total intensity of the scattered light, which in

turn are related to the velocity of the particles moving with their hydration shell.

Larger particles move less rapidly than smaller particles, and the intensity

fluctuations yield information on particle size through the determination of an

average diffusion coefficient and the use of the Stokes–Einstein equation, which

relate the diffusion coefficient with the hydrodynamic radius, Rh, of the particle.

The equation is valid for spherical, smooth, rigid non-interacting particles, and the

method is rigorously applicable only to monodisperse systems. Light scattering

should always characterise non-interacting objects (i.e. dilute systems). It is also

advisable to perform the analysis at several scattering angles (multiangle DLS) in

order to establish whether the unknown particle size and/or shape distribution is

actually affecting the results, since at certain angles the scattering intensity of some

particles may completely overwhelm the weak scattering signal of other particles,

thus making them invisible.

Static light scattering (SLS), performed on dispersions of different concentra-

tions, can be applied to determine the weight average molecular weight, Mw, from

total intensity measurements; the root mean square radius of the nanoparticle or

radius of gyration, Rg, and the second virial coefficient, B2, which represents the

interaction potential between two particles (negative values indicate attractive
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forces, positive values denote repulsive forces), from the dependence of the total

intensity on the angle [11]. Since solvent quality can affect the internal organisation

of nanogels and their interaction with the dispersing/swelling medium, laser light

scattering can depict the system only in a set of specific measurement conditions,

which may or may not be close to the application conditions.

Nanogels, similar to their macroscopic analogues, can be designed to be stimuli-

responsive, i.e. to change their swelling behaviour and permeability upon the

application of a trigger [12].

For example, if the nanogel is made by a weak polyelectrolyte (a polyacid or a

polybase), changes in the environmental pH (stimulus) can cause changes in the

degree of ionisation of the polyelectrolyte. The related change in the osmotic

pressure will result in nanogel swelling or shrinking, respectively. As a result,

nanogels can modify their optical behaviour (refractive index) and take up or release

molecules (response). Protonation/deprotonation processes can also change the

surface charge density of the nanoparticles [13, 14].

If the nanogels are made by polymers with functional groups such as azobenzene,

spirobenzopyran, triphenylmethane, or cinnamonyl, which undergo reversible

structural changes under UV–vis light irradiation, hydrophilic to hydrophobic

transitions can be induced by a specific wavelength [15].

Similarly, when the network is formed by homo- or copolymers that exhibit a lower

critical solution temperature (LCST), hydrophilic to hydrophobic transitions can be

induced by a temperature increase. Such is the case with nanogels based on poly(N-

alkylacrylamides), poly(NIPAm) being the most investigated, as well as poly(N-

vinylcaprolactam), poly(methyl vinyl ether), block copolymers of poly(ethylene

oxide) and polypropylene oxide, and various derivatives of cellulose (e.g. hydrox-

ypropyl methylcellulose, hydroxypropylcellulose and carboxymethylcellulose) often

crosslinked with divinyl sulfone [16]. The quality of the solvent is worsened by the

increase in temperature, and hydrophobic association of polymeric segments occurs

(hydration water molecules are released, increasing the overall entropy of the system).

The responsiveness manifests as volume collapse, and the specific transition

temperature is referred to as the ‘‘volume phase transition temperature’’ (VPTT),

generally similar to the LCST of the corresponding linear polymer.

Nanogels made of polypeptides and polysaccharides can undergo segmental

helix–coil transition, generally at a temperature lower than their ‘‘upper critical

solution temperature’’ (UCST). Gelatin nanogels containing triple helices have

displayed significant volume transitions when heated above the helix–coil transition

temperature [17].

A wide range of interactions have also been demonstrated between specific

functional groups grafted onto nanogels with (bio)molecules present in their

environments. Coupling of complementary portions of DNA or RNA semi-helices

and interactions between an immobilised enzyme and its substrate, or an antibody or

a fragment of the antibody with its antigen, are some examples. These interactions,

characterised by high selectivity and often also by reversibility, can be exploited to

provide specific functions. When nanogels are designed as drug delivery devices

(DDD), ligand–receptor interactions can be exploited for preferential accumulation

of the nanocarriers at a target site and/or for cellular internalisation [18].
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The molecular imprinting approach has been used to synthesise nanogels capable

of catalysing specific reactions or that exhibit protein-binding/release properties

toward specific biomolecules, with potential application in areas such as biosep-

aration, biosensing and drug delivery [19–21].

Attempts to produce self-oscillating nanogels are also documented [22, 23]. For

example, networks of N-isopropylacrylamide (NIPAM), a monomer carrying the

ruthenium catalyst for the Belousov–Zhabotinsky (BZ) reaction, 2-acrylamido-2-

methylpropane sulfonic acid (AMPS) and methacryloamido propyl trimethylam-

monium chloride (MATAC) as a capture site for an ionic oxidising agent (bromate

ion) in the presence of malonic acid have been produced. Self-motility is the target

function [23].

In conclusion, the combination of the typical properties of hydrogels, including

soft and rubbery consistency, high solvent uptake, stimuli-responsiveness and

biocompatibility, and those of nanocolloids, such as controlled size at the nanoscale,

extremely large specific surface area, and enormous possibilities for surface

functionalisation, render nanogels very fascinating nanoparticles. The main

limitations are strictly connected to their manufacturing, as will be discussed below.

2 Nanogel Manufacturing

Nanogels have been designed and synthesised for application in a large number of

technological areas, including medicine, mainly as drug nanocarriers

[2, 4, 9, 12, 14, 15], in vivo imaging tracers and biological sensors [6, 24], for

separation and water treatment [25, 26], in catalysis [27], and as nano-biomachines

[22, 23]. They can also be used as building blocks for the self-assembly of well-

organised 3D structures at a relatively high concentration by exploiting hydrophobic

association or electrostatic interactions [28–31]. The supramolecular macrogels thus

obtained have been proposed as smart gating membranes [32], for the fabrication of

active photonic crystals and coatings with physical and chemical patterns [33, 34],

and for generating bioactive scaffolds for regenerative medicine [35].

Although nanogel applications can be very diverse, some general manufacturing

requirements can be identified. It is generally helpful to limit the size to between ten

and a few hundred nanometres, with a narrow particle size distribution. In addition

to controlling size and size distribution, control of the macromolecular architecture

is often required. Core–shell structures, hollow nanoparticles, particles with a

density gradient, or non-spherical or shape-changing nanoparticles may be desired.

Further requirements can be related to industrialisation, such as ease of scale-up,

limited use of toxic or expensive chemicals, and the achievement of high yields of

the recovered (purified) product. The synthetic route should chosen so as to avoid

degradation of the precursor or any other component eventually present in the

system (e.g. through hydrolysis). One other very important requirement, especially

for biomedical applications, is the absence of residual organic solvents, catalysts,

monomers or other potentially toxic compounds.

Many comprehensive and highly specialised reviews of different synthetic

strategies have already been published [36–40]. In this review, the main features and
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the commonly recognised advantages and disadvantages of conventional approaches

will be briefly highlighted, with particular focus on processes that yield permanent

nanogels, i.e. covalent networks. In the following sections we will focus on a

specific synthetic approach that exploits the interaction of high-energy radiation

with aqueous solutions of polymers.

The most common synthetic approaches for the preparation of nanogels are:

(i) micro-/nanofabrication methodologies;

(ii) synthesis from monomers with di- or multifunctional comonomers

(crosslinkers) in homogeneous or heterogeneous phase;

(iii) self-assembly processes that exploit ionic, hydrophobic or covalent

interactions of pre-synthesised polymers.

2.1 Nanogel Micro-/Nanofabrication Methodologies

One of the most interesting approaches to micro-/nanofabrication of nanogels is

based on the possibility of transferring a pattern generated onto a photomask into an

elastomeric mould, which in turn is used to shape the particles [41]. The method of

choice for fabricating masters with nanoscale features (C10 nm) and arbitrary

geometries is electron beam lithography. This technology is not widely accessible,

since it requires costly equipment and expert operators. Conventional photolithog-

raphy is much less expensive and more widespread, but cannot generate features

smaller than about 1 lm, being limited by the wavelength of the UV–vis laser light

used. It can be applied either to harden (negative photoresists) or to etch materials

(positive photoresists) at the site of irradiation. More recently, multi-photon

absorption (MPA) photolithography (also known as direct laser writing) offers the

opportunity to produce sophisticated patterns in two or three dimensions, with

features that are smaller than the wavelength of light (up to 100 nm), by combining

shorter-wavelength laser light (near-infrared [NIR] femtosecond lasers) with

focusing systems. MPA can induce photochemical reactions anywhere in the focal

volume of a laser beam that is passed through the objective of a microscope. The

photochemical reactions can take place only at the centre of the spot where the

intensity is sufficiently high.

The lithographically produced masters are used to generate ‘‘soft’’ moulds, which

replicate their nanoscale features into the nanoparticles, provided that they are wet

and filled by the nanoparticle precursors. After polymerisation and crosslinking, the

nanogels must be detached from their nano-moulds and harvested. These steps

imply the use of suitable solvent baths and drying stages [42]. While this approach

has the greatest flexibility in terms of shape and composition (which can be

controlled independently), it still appears to be far from a possible application for

large-scale nanogel production, since it requires several consecutive steps and

integration of different technologies. It is worth mentioning that one-dimensional

temperature-responsive nanogels with an aspect ratio as high as 130 have been

produced by nano-moulding [43].
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In the production of nanogels with microfluidic devices, the nanogel microstruc-

ture can be nicely controlled by adjusting the flow ratio and mixing time in the

microchannels. In this case, productivity is low [44, 45]. In principle, the chemical

reactions that transform monomers and/or polymers into covalently crosslinked

networks can be any of those already applied to produce macrogels—e.g.

polymerisation of methacrylate groups, reactions between complementary func-

tional groups (isocyanates and alcohols), Michael-type addition, click chemistry—

provided that the device materials are inert and compatible with the reactants and

the reaction conditions.

2.2 Nanogels Prepared by Polymerisation in Dilute Solutions
or Heterogeneous Systems

Polymerisation in dilute solutions or in heterogeneous systems is the oldest and

most common route for the production of nanogels [46]. Since the early 1990s,

colloidal gels, with dimensions ranging tens to hundreds of nanometres, have been

prepared by free-radical polymerisation in dilute solutions or by heterophase

polymerisation, such as (inverse) miniemulsion or (inverse) microemulsion, or by

precipitation and dispersion polymerisation. As a result, permanent chemical

linkages (covalent bonds) between polymeric segments are formed.

In the polymerisation of dilute monomer systems, crosslinking is achieved by the

use of di/multi-functional monomers, and the formation of long-range networks is

prevented by a relatively low concentration of monomers. Reducing the monomer

concentration increases the distance between propagating chains and limits the

probability of intermolecular crosslinking. The major limitation of this approach is

the low reaction rate and low yield of recovered product, owing to the low

concentration of reactants in the system. Another possibility is to start with a higher

concentration of monomers and to stop the polymerisation at low conversions by

adding a chain terminator or a monofunctional monomer. With this technique,

product purification from the unreacted monomers is required.

A higher reaction rate can be achieved by a local increase in monomer

concentration in self-assembled nanoreactors, such the nanodroplets of a mini- or

microemulsion or the micro-/nanoparticles of a phase-separating polymer. In

particular, several nanogel systems have been produced in the aqueous pods of

inverse mini- or microemulsion, using from C6 to C10 linear or cyclic alkanes as a

nonpolar continuous phase, water-soluble initiators and catalysts, and one or a

mixture of surface-active agents (surfactants) [47–50].

In the case of miniemulsion polymerisation, the monomers are dispersed in the

continuous phase with the aid of a surfactant, by providing significant amounts of

(mechanical) energy for the generation of a large interfacial area, e.g. by

ultrasonication or high-pressure homogenisation. The locus of polymerisation and

simultaneous crosslinking is confined to the interior of the droplets, and the

surfactants responsible for droplet stabilisation also prevent inter-particle crosslink-

ing. Submicron-sized polymer nanogels (50–500 nm) have been obtained at high

yields and with very good control of particle size distribution. An important

consequence for the industry is that water-soluble compounds can be directly

Top Curr Chem (Z) (2016) 374:69

123101Reprinted from the journal



incorporated/encapsulated into the polymer particles by dissolving/dispersing them

in the monomer prior to polymerisation. Since these systems are only kinetically

stable, they are strongly dependent on process parameters, i.e. on the shear rate. The

produced nanoparticles generally have dimensions that are larger than a few

hundred nanometres. Unlike miniemulsions, microemulsions are thermodynami-

cally stable systems due to the presence of a large amount of surfactant. The final

products are nanogel particles that can be much smaller (5–50 nm), coexisting with

empty micelles. The chemical structure of the nanogels is controlled by the nature,

concentration and relative ratio of the monomers and crosslinking agent, by their

solubility and hence the partition coefficient between the dispersed and continuous

phase, and by the concentration and distribution of the initiator in the system. The

major drawback is the high amount of surfactant required. Removal of surfactants

and residual monomers often necessitates repeated treatments with water and

organic solvents and a final drying step. Re-dispersion from the dry form often

causes irreversible aggregation.

In dispersion or precipitation polymerisation, the polymerisation starts in the

continuous phase (the solvent), up to the point where the propagating polymer chain

is no longer soluble, and phase separation from the solvent occurs, forming particles

(nucleation). These nuclei may aggregate and precipitate, or they can be stabilised

by the presence of low molecular weight or polymeric surfactants or by electrostatic

stabilisation, e.g. when either the initiator or the monomers carry electric charges.

Core–shell crosslinked structures can be produced by seeded polymerisation, where

the core (nucleated seeds) and the shell are composed of two different crosslinked

polymers that are not covalently connected. This approach has also been applied for

the production of hollow nanogels using a sacrificial degradable core, or hairy

nanogels by the sequential addition of a macromolecular comonomer [51].

Another strategy for producing nanogels relies on reversible-deactivation radical

polymerisation (RDRP) techniques, such as atom-transfer radical polymerisation

(ATRP), nitroxide-mediated polymerisation (NMP) or reversible addition-fragmen-

tation chain transfer (RAFT) [52]. All these techniques are based on reversible

deactivation of growing chains, most of which are in a dormant form. Given that

interconversion of active and dormant forms is rapid compared to propagation, all

chains are able to grow at the same rate. RDRP makes possible the synthesis of

nanogel architecture by the sequential addition of different monomers. Moreover, if

the initiating species are fully consumed prior to any appreciable chain growth, all

chains grow at the same rate, and the molecular weight distribution of the polymer

and particle size is much narrower than in conventional free-radical polymerisation.

Synthesis can be carried out at much higher monomer and crosslinker concentra-

tions (up to 20 % in weight) than in conventional methods. Electrically charged

molecular or macromolecular initiators can be used as stabilisers. With this

technique, hairy nanogels with covalently linked polymer chains have been

produced. Reaction kinetics and mechanisms are affected by the specific nature of

the monomers, crosslinkers and initiators used. Despite the enormous progress

made, however, not all RDRP techniques known today are equally well suited for

upscaling from small laboratory experiments to large-scale industrial processes. For

example, the controlling agent must be cost effective and ecologically sound.
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Furthermore, residual metals in ATRP or the chemical nature of the end groups

(RAFT) may be an issue for some applications [53].

2.3 Nanogels Produced by Self-Assembly and Crosslinking of Preformed
Polymers

This approach has led to a variety of nanoconstructs. Liquid–liquid phase separation

of a polymer solution into a polymer-rich (coacervate phase) and a polymer-

depleted phase is induced by a change in the quality of solvent (addition of a non-

solvent, change in temperature, pH, etc.). The microscopic droplets of the

coacervate phase are kept in suspension by stirring. The droplet size can be

‘‘transferred’’ into the nanogel particle size by securing the polymeric colloid

through chemical crosslinking [54].

Electrostatic self-assembly of polyelectrolytes by complex coacervation is

another example. This process is strongly driven by the release of counterions to

increase the overall entropy of the system, and requires the presence of two

oppositely charged polyelectrolytes in non-stoichiometric ratios to impart a non-

balanced charge (electrostatic stabilisation of the nanoparticles). Colloids based on

electrostatic chitosan–DNA [55, 56], chitosan–protein [57] and chitosan–polysac-

charide [58] complexes are among the most studied. Because of the electrostatic

nature of these complexes, they are intrinsically pH- and ionic strength-responsive.

Chelating ligands, iminodiacetic acid or malonic acid, have been conjugated to

hyaluronic acid (HA) and used as a precursor polymer [59]. By mixing the ligand-

conjugated HA with cisplatin (CDDP), crosslinking occurred via coordination of the

ligands with the platinum in CDDP, resulting in the spontaneous formation of

CDDP-loaded HA nanogels. The nanogels showed pH-responsive release of CDDP,

because the stability of the ligand–platinum complex decreases in an acidic

environment.

Suspension polymerisation of temperature-sensitive photo-crosslinkable poly-

mers can be followed by UV-induced crosslinking at a temperature higher than

polymer LCST [60]. Surfactant concentration for the polymerisation is kept below

the critical micelle concentration (CMC) to prevent suppression of the temperature-

driven coil-to-globule transition by the repulsive electrostatic forces between the

ionic heads of the adsorbed surfactant molecules. Particle size decreases with

increased sodium dodecyl sulfate (SDS) concentration (nucleation of a larger

number of particles) and decreases with increased chromophores, and the nanogels

also display significant temperature responsiveness.

3 Radiation-Engineered Nanogels

Radiation chemistry, i.e. the use of ionising radiation from radioisotopes and

accelerators to induce chemical changes in materials, is a versatile tool for polymer

synthesis and modification. The use of water as the primary medium for the

absorption of ionising radiation and the effects of aqueous radiolysis products on

dissolved monomers and polymers have formed the basis of a variety of applications
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in polymer synthesis and modification, particularly in the formation of polymer

nanoparticles, which are unique with respect to conventional free-radical poly-

merisation and crosslinking [61]. The advantages of using radiation chemistry for

this purpose are many, and include low energy consumption, minimal use of

potentially harmful chemicals, easier control of the exothermal heat of the reaction

and simple production schemes. An additional advantage for medical applications is

that the material can be sterile as manufactured.

Many macroscopic hydrogels have been prepared by irradiation of aqueous

polymer solutions to absorbed radiation doses higher than a critical value, called

gelation dose (Dg), when the polymer concentration is above a critical polymer

concentration (Cpc) [62]. These parameters have generally been determined by sol–

gel analysis based on the gravimetric determination of the sol and gel fractions after

irradiation. The filter cut-off affects the separation of the gel fraction from its sol,

and traditional paper filters may be unable to separate the gel nanoparticles from the

soluble fraction. Therefore, the reported Dg and Cpc can define only the low dose

and concentration thresholds for wall-to-wall hydrogels to form. For concentrations

below Cpc, macroscopic gelation is not observed, and only micro-/nanogels are

expected to form.

A more detailed explanation of how ionising radiation leads to the formation of

micro-/nanogels from polymer aqueous solutions will now be provided.

Briefly, high-energy radiation induces the formation of radical sites on the

polymer backbone and/or on side chains, which should then evolve mainly through

combination to form the desired product. The prevalence of combination over other

possible reactions depends primarily on the polymer chemical structure and on the

radical concentration [63]. Typical polymers that mainly undergo crosslinking upon

irradiation are poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), poly(N-vinyl

pyrrolidone) (PVP), poly(vinyl methyl ether) (PVME), poly(N-isopropyl acry-

lamide) (PNIPAM) and poly(acrylic acid) (PAA). Temperature and the presence of

co-solutes and dissolved gases also affect the chemistry of polymers irradiated in

aqueous solution [64, 65]. A distinct advantage of using ionising irradiation of

polymer aqueous solutions for the synthesis of micro-/nanogels is that the process

requires no surfactants to control the locus of reaction, and chemically stable poly-

mers can be used as a starting material. As a result, purification is simpler and

products are non-toxic.

The first syntheses of micro-/nanogels via irradiation of dilute aqueous solution

of polymers date back to the 1960s, although the formation of such micro-/nanos-

tructures was reported a few years earlier by Charlesby and Alexander [64].

Sakurada and Ikada [66] described the synthesis of PVA micro-/nanogels. Schnabel

and Borwardt [67] reported the formation of PEO nanogels. In both cases gamma

rays were used. For PVA, micro-/nanogel formation was generally associated with a

reduction in intrinsic viscosity (after an initial increase) and simultaneous increase

in the turbidity of the solutions. In particular, nanoparticles in the 10–60-nm range

were detected by SEM, whereas particles with diameters of 80–240 nm resulted

from turbidity experiments. This apparent discrepancy between the values derived

by the two measurements was attributed to the fact that turbidity measures the

overall microparticle, which results from both inter- and intramolecular
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crosslinking, whereas SEM detects the primary nanoparticle, meaning the

intramolecularly crosslinked, single chain. From both measurements, the smaller

particles were obtained for the higher doses.

In the late 1990s, Rosiak and Ulanski proposed a closed-loop system, where

aqueous solutions were continuously pumped to a quartz irradiation cell and

subjected to intense (about 1 kGy) pulses of 6 MeV electrons. This laboratory, and

many others in the world, began successfully applying pulsed e-beams to produce

micro-/nanogels. [68] Most of the crosslinking type polymers, including PVP

[68, 69], PVA [70], PAA [71, 72], PVME [73–75], PAAm [76] and polyNIPAM

copolymers [77], have been used.

With pulsed e-beam irradiation, the reaction kinetics that lead to nanogel

formation can be affected by several irradiation parameters in addition to the total

absorbed dose. In particular, the ‘‘average’’ dose rate is governed by the

combination of the three adjustable parameters: pulse length, pulse frequency and

dose rate during the pulse (proportional to the current). The electron energy is

generally a fixed parameter that depends on the design of accelerator, and mainly

affects the depth of radiation penetration. It is also worth mentioning that changes in

temperature may occur due to the high dose rate [78].

Nanogels have also been successfully synthesised using industrial accelerators

and the typical set-ups and doses applied for sterilisation (20–40 kGy). One

advantage is the ability to produce already sterile nanogels for biomedical

applications [79–82].

4 Mechanism of Radiation Synthesis of Nanogels

When nanogels are produced upon irradiation of dilute aqueous polymer solutions,

the ionising radiation is primarily absorbed by water, the most abundant component.

Direct energy absorption by the polymer molecules is negligible. Hence, the starting

point of nanogel formation is the radiolysis of water, which leads to the production

of oxidising and reducing species. The primary oxidising species are �OH and H2O2,

while the primary reducing species are eaq
- , H� and H2. The radiation chemical yields

(G values) in gamma- and electron-irradiated aqueous solutions are 0.28, 0.073,

0.28, 0.062 and 0.047 lmol J-1 for �OH, H2O2, eaq
- , H� and H2, respectively [83].

For most polymers, only the hydroxyl radical and the hydrogen atom are capable

of producing a macroradical, mainly by hydrogen abstraction. As can be seen from

the radiation chemical yields, the contribution from the hydrogen atom is less than

20 %. By saturating the aqueous solution with N2O prior to irradiation, the yield

(G value) of the hydroxyl radical can be doubled, since the solvated electron is

scavenged by N2O to produce hydroxyl radicals.

The desired reaction for gel formation is the combination of two carbon (C)-

centred macroradicals—in other words, crosslinking. For nanogel formation, a

prevalence of intramolecular crosslinking is a prerequisite. However, C-centered

macroradicals can also undergo intermolecular crosslinking, and other reactions

such as radical–radical disproportionation, reaction with molecular oxygen and,

depending on the structure of the radical, unimolecular fragmentation. These
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reactions do not contribute to the formation of the network but can still be important

for the functionalisation of the nanogel. The relative importance of the dispropor-

tionation reaction in relation to the radical–radical combination reaction depends on

the nature of the radicals and solvent properties, and can thus be seen as an inherent

property of a given polymer in a given solvent. Hence, nothing can be done to

favour the combination reaction relative to the disproportionation reaction for a

given polymeric solution [84].

The reaction between the C-centred radical and molecular oxygen can result

either in the formation of a peroxyl radical or, if the radical is reducing, in oxidation

of the radical and formation of a superoxide. The latter reaction is possible for

C-centred radicals with –OR and –NR2 substituents in the a-position. Reducing

C-centred radicals can also be oxidised by H2O2. The reaction with molecular

oxygen can be efficiently suppressed, at least initially, by purging the solution with

N2O or an inert gas prior to irradiation.

Intermolecular crosslinking can also compete with intramolecular crosslinking

and lead to the formation of larger particles.

The possible reactions of the polymer macroradical are depicted in Scheme 1.

When nanogels are produced by pulsed electron beams, irradiation is not

continuous, and every short pulse of electrons is followed by a relatively long

interval without irradiation. Radical reactions are induced during the electron pulse,

but they may not be entirely completed before the next electron pulse is absorbed by

the sample. Follow-up chemical reactions will also occur between and during

pulses. These factors make the kinetic analysis of the reaction system more complex

than that for a system exposed to continuous irradiation.

Ideally, we can divide the overall process into two steps:

(i) Polymer radical formation by interaction of water–radiolysis product with

the polymer or nanogel embryos.

(ii) Polymer radical follow-up reactions.

4.1 Polymer Radical Formation

With regard to the first step, a simplification that can be made when analysing data

from pulsed e-beam irradiation of aqueous polymer solutions is that all hydroxyl

radicals produced upon radiolysis of water are scavenged by the polymeric solute to

form carbon-centered macroradicals. The average number of macroradical centers

formed in a pulse would then be determined simply from the radiation chemical

yield of hydroxyl radicals and the dose per pulse. This may be true at higher

polymer concentrations but not necessarily at lower concentrations, where other

reactions involving the hydroxyl radical, such as hydroxyl radical recombination,

could efficiently compete with the reaction of hydroxyl radicals with the polymer.

Even though the concentration can be fairly high in terms of repeating units, the

actual polymer molar concentration is low, and therefore the average distance

between polymer chains is large. This distance increases with polymer molecular
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weight at a given weight fraction of polymer in solution (i.e. with decreasing

polymer molar concentration).

At a high dose rate (as in most cases of pulsed e-beam irradiation), radical–

radical combination reactions are favoured, and a higher molar concentration of the

polymer is required to scavenge all the hydroxyl radicals formed. If the polymer

concentration is not high enough, the hydroxyl radical combination will yield

hydrogen peroxide, and conversion of initially formed hydroxyl radicals to polymer

radicals will not be quantitative. This was recently demonstrated for PVP nanogel

formation, where it was experimentally shown that the formation of hydrogen

peroxide as a function of dose increases with decreasing polymer concentration

[85]. These experimental findings were further supported by numerical simulations

of the kinetics of the reaction system (aqueous polymer solution exposed to e-beam

pulses at a given frequency) [85]. The fact that H2O2 build-up is possible under

certain conditions also means that the chemical environment in the irradiated

polymer solution will be different at low and high polymer concentrations, as the

production of H2O2 will be higher in the more dilute polymer solutions. At low

polymer concentration, only a fraction of the produced hydroxyl radicals are

scavenged by the polymer chains. This will have an impact on the overall process.

H2O2 is an oxidant but also a precursor for O2, which will strongly influence the

chemistry of C-centred polymer radicals.

To achieve full hydroxyl radical scavenging capacity, the distance between

hydroxyl radicals and scavengers must be short enough to prevent the occurrence of

all other possible reactions for the hydroxyl radical. For polymer solutions, since the

repeating units are clustered in chains, the scavenging capacity is unevenly

distributed in the solution. Hence, for a fraction of the radiolytically formed and

homogeneously distributed hydroxyl radicals, the polymer is out of reach. The

competing reactions involved in the overall process can be accounted for by normal

competition kinetics on the basis of the Smoluchowski model, and have been

Scheme 1 Possible reactions of polymer macroradical. Disproportionation and fragmentation result in
the formation of double bonds (denoted with the apex00)
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illustrated here by introducing the concept of an ‘‘active scavenging volume’’,

within which there is a significant probability for reaction between hydroxyl radicals

and the polymer chain. This distance is the average diffusion distance given by the

hydroxyl radical lifetime in a specific system. At a low dose rate, the lifetime—

taking only hydroxyl radical recombination into account—is long and the average

diffusion distance is also long. At a high dose rate, the hydroxyl radical lifetime—

and thus also the average diffusion distance—is short. Hydroxyl radicals produced

farther away than the average diffusion distance, i.e. outside the active scavenging

volume, will not be able to react with the polymer, since this reaction is

outcompeted by the radical–radical combination of hydroxyl radicals, and the

hydroxyl radical will therefore not exist long enough to reach the polymer. This

situation is illustrated in Fig. 1a. The number of radicals per polymer chain will

depend on the number of hydroxyl radicals that are within reach of the polymer

chain (i.e. within the active scavenging volume) (see Fig. 1a’). For a given dose

rate, this number will be independent of the polymer concentration up to the

polymer concentration at which the hydroxyl radical could theoretically reach more

than one polymer chain. At this point, the active scavenging volumes can be

regarded as overlapping. From this polymer concentration upwards, the number of

radicals per polymer chain will begin to decrease with increasing polymer

concentration (i.e. with increasing overlap of the active scavenging volumes). The

concentration effect is illustrated in Fig. 1a, a’, b, b’. The dose rate affects the

concentration at which the active scavenging volume overlap occurs, as well as the

number of radicals per macromolecule formed at lower concentrations. At a higher

dose rate, the hydroxyl radical concentration during the electron pulse is higher,

which means that the number of hydroxyl radicals available for each polymer chain

is higher. However, the distance between hydroxyl radicals and polymer chains

within which there is a significant probability for reaction is shorter than at the

lower dose rate, due to the increased probability of radical–radical reactions at the

higher hydroxyl radical concentration. This implies that the active scavenging

volume of the polymer chain is smaller at a higher dose rate. Nevertheless, the

radical concentration per macromolecule will increase with increasing dose rate,

although the increase is not proportional to the dose rate. A direct consequence of

the decreased active scavenging volume at higher dose rates is that a higher polymer

concentration is required to achieve active scavenging volume overlap, i.e. full

scavenging capacity. The dose rate effect is illustrated in Fig. 1a, a’, c, c’.

4.2 Polymer Radical Follow-up Reactions

The radical follow-up reactions are also affected by polymer concentration and dose

rate. The polymer radicals formed are not identical, as there are numerous possible

radical sites. Furthermore, under conditions where it is possible to induce more than

one radical site per macromolecule, neither the number of radical sites nor the

distance between radical sites will be uniform. For these reasons, the reactive

species in these systems will display varying reactivity depending on the type of

reaction and the nature of the reactive species. In studying the disappearance of

radical functionality in such a system, the kinetics cannot be described by simple
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first- or second-order rate expressions, as the reaction order changes during the

course of the reaction. This has led to the development of so-called dispersive

kinetics for analysing experimental results [86].

Under conditions where the average number of radicals per chain is constant, i.e.

below a certain polymer molar concentration, the kinetics of follow-up reactions can

be treated in a slightly simplified manner. It is important to note that we are

Fig. 1 Schematic representation of radiolytic radical formation. Solid black line polymer chain; dotted
line contours of the ‘‘active scavenging volume’’; red dots hydroxyl radicals formed in water (left panels)
and transferred to the polymer (right panels), completely or only partially; pairs of blue dots hydrogen
peroxide formed from combination of hydroxyl radicals. Three possible situations are depicted: a–a’ low
polymer concentration, relatively low dose rate; b–b’ higher polymer concentration, relatively low dose
rate; c–c’ low polymer concentration, higher dose rate
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discussing rates of intra- and intermolecular crosslink formation here rather than

disappearance of radical functionality. Furthermore, we focus on initial events of the

polymer radical follow-up reactions (i.e. formation of the first intra- or intermolec-

ular crosslink). The rate constant (or distribution of rate constants, to be more exact,

since there will be a distribution of radical species and positions of sites) for

intramolecular combination (i.e. formation of intramolecular bonds) will depend on

the average number of radicals per chain, and will therefore be constant in the

polymer concentration range up to full scavenging capacity (at a given dose rate).

Also, the rate constant (or distribution of rate constants) for intermolecular

combination will depend on the average number of radicals per chain, and will thus

be independent of polymer concentration below the polymer concentration

corresponding to full hydroxyl radical scavenging capacity. Hence, the competition

between intra- and intermolecular combination in this concentration region is given

by the following expression:

k1 P½ �
k1 P½ � þ k11 P½ �2

¼ k1

k1 þ k11 P½ � ;

where [P] is the molar concentration of radical-bearing polymer chains (equal to the

total concentration of polymer chains under the present conditions), k1 is the rate

constant for intramolecular combination, and k11 is the rate constant for inter-

molecular combination. Here, k1 and k11 can be represented by the average rate

constants based on the distribution of reactive radical species. From this expression

it is also obvious that intramolecular combination is favoured by low polymer

concentration, and that the ratio between intra- and intermolecular combination can

simply be controlled by the polymer concentration under the present conditions. The

rate constants for both intra- and intermolecular combination will depend on the

dose rate. A higher dose rate gives a higher number of radicals per polymer chain,

thereby increasing the likelihood of both types of crosslinking reactions.

The influence of various parameters on intramolecular combination was

investigated by Jeszka et al. [87] using Monte Carlo simulations. The dynamics

of intramolecular radical–radical combination in oxygen-free aqueous solutions of

PEO was studied, taking into account the number of radicals per chain, distance

between radical sites, polymer chain length, formation of loops and radical transfer.

This study clearly shows that the radical half-life due to intramolecular radical–

radical combination reactions is strongly dependent on the number of radicals per

polymer chain. The predicted first half-life of the radical is typically in the range of

10-5to 10-3 s. For multiple radical-bearing polymer chains, the half-life following

the first intramolecular combination can be considerably longer. Consequently, the

dose rate and the dose per pulse will have a strong impact on the reaction kinetics of

the system.

It is interesting to note that the products from pulsed e-beam radiation-induced

synthesis of PVP aqueous solutions at four different concentrations, exposed to the

same total dose (40 kGy) at two different average dose rates, display very different

particle size and molecular weight [79, 80]. The data are shown in Fig. 2. The

average dose rate in this context is calculated as the dose delivered in the unit time
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that corresponds to the dose per pulse (ca. 0.74 and 13 Gy, for the low and high

average dose rates, respectively), multiplied by the pulse frequency (37.5 and

300 Hz, respectively). The higher dose rate yields smaller particles with lower

average molecular weight compared to the lower dose rate. This demonstrates that

the number of radicals per polymer chain has a major influence not only on the

kinetics of intramolecular crosslinking, but also on the competition between inter-

and intramolecular crosslinking.

The concentration dependence is well in line with the discussion above. It is clear

that particle size increases with polymer concentration at both dose rates; however,

the concentration dependence is more pronounced at the lower dose rate. This

implies that the two effects are not entirely independent of each other.

A similar trend was observed for PVP by An et al. [88]. These authors also

studied the kinetics of PVP radical consumption using pulse radiolysis. The

approximate half-life of the radical in this study is 5 9 10-6 s, which is in fairly

good agreement with the shortest half-life (for the highest radical concentration)

presented by Jeszka et al. [87].

At polymer concentrations above the limit for full hydroxyl radical scavenging

capacity, the number of radicals per polymer chain will decrease with increasing

polymer concentration. Eventually, the average radical density per chain will reach

one and below. At the point where the average radical density per chain is one, the

concentration of radical-bearing chains has reached its maximum. Once the average

radical density drops below one, the concentration of radical-bearing chains is

dictated by the dose rate, and becomes independent of polymer molecule

concentration (when increasing the concentration). The only process that can occur
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Fig. 2 Hydrodynamic radius (Rh) from DLS and weight average molecular weight (Mw) from Zimm
plot analysis of SLS measurements as a function of the polymer concentration for two different dose rates.
Error bars for Rh represent the width of the size distributions. Batch-to-batch variability is lower than
5 %. Hydrodynamic radius and molecular weight of the non-irradiated polymer is 20 ± 10 nm and
0.41 MDa, respectively (Adapted from refs. [79, 80])
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after a single pulse under these conditions is intermolecular combination. However,

it should be kept in mind that the rate constant for intermolecular combination is

also dependent on the number of radicals per chain, and reaches its minimum at one

radical per chain. At high pulse repetition frequency, multiple radical sites per chain

may still be formed, and the intramolecular crosslinking can also occur.

The polymer concentration dependence of the number of radical-bearing chains

and average number of radicals per chain described above is illustrated in Fig. 3.

The trends discussed here are further confirmed by numerous other studies

carried out with various polymers, irradiation set-ups and dose ranges. Schmitz and

co-workers investigated the influence of the irradiation dose (0–7.5 kGy) by gamma

irradiation on PVA aqueous solutions by measuring Rh and Rg of the polymer using

DLS and SLS, respectively [89]. They also applied a Monte Carlo simulation to the

dynamics of polymer chains, assuming that all the ‘‘contacts’’ between polymer

segments resulted in a strong bond. The model was developed to support the

interpretation of light scattering data. The starting system is formed by relatively

short polymer chains in chain-extended conformation. As the chains are joined

together in the intermolecular crosslinking process, the resulting structures

increasingly resemble hairy cylinders with branches and looped regions. The

predominant intermolecular crosslinking is well in line with the description above,

given the relatively high molar polymer concentration and the low dose rate. It also

explains the initial rapid increase of Mw, Rg and Rh with dose experimentally

observed. Since intermolecular crosslinking progressively reduces the molar

concentration of polymer and its diffusion coefficient, intramolecular crosslinking

at some point becomes a competitive process. With time (dose), the hairy cylinders

transform into soft spheres with a clearly identifiable surface. This explains why

Mw continues to increase but much less steeply, Rh levels off, and Rg decreases.
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Fig. 3 Schematic illustration of the number of radical-bearing chains and average number of radicals per
chain as a function of polymer concentration
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This model is actually similar to the one proposed by Brash and Burchard for the

chemical crosslinking of PVA microgels [90].

A similar shift from inter- to intramolecular crosslinking with increasing dose

was recently observed for e-beam-irradiated aqueous PVP solutions [91]. For semi-

dilute polymer solutions, the particle size increases to a point where the molar

concentration becomes low enough to favour intramolecular crosslinking. At higher

doses, no further particle growth is observed.

One limitation of irradiating dilute systems with highly energetic pulses lies in

the difficulty of controlling particle size and molecular weight of nanogels in an

independent way. Intramolecularly crosslinked, single polymer chains may result in

nanoparticles that are too small, especially if the molecular weight of the starting

polymer is relatively low (below a few hundred kiloDaltons). This problem has been

circumvented by performing a first irradiation step at a higher polymer concen-

tration, low dose rate, e.g. with gamma photons, and with a total dose lower than the

gelation dose for the polymer. As shown above, these conditions favour

intermolecular crosslinking, and thereby an increase in polymer molecular weight

by chain extension and branching. The irradiation was then continued at a high

‘‘average’’ dose rate, with e-beams, after dilution of the system [83]. These

conditions favour intramolecular crosslinking and the close up of polymer chains to

yield particles. While this combination of irradiations yield the desired product, the

need for two types of irradiation facilities makes the industrial scale-up of the

process more complicated.

Polyelectrolytes in general, and PAA homopolymer and copolymers in particular,

require a proper control of pH of the irradiated solutions to yield nanogels. It is

fairly intuitive, but also confirmed by kinetic studies, that the bimolecular rate

constant for radical combination and competition between inter and intra molecular

crosslinking, should depend on the content of ionised base units, xi, in the polymer

[92]. When xi is very small, the polyelectrolyte behaves like a nonionic polymer (pH

\2 for PAA). In addition, hydrogen bonding can favour intramolecular association.

With increased pH, intermolecular radical–radical combination becomes favoured,

since ionisation induces expansion of the coils by intramolecular Coulomb

repulsion. At high degrees of ionisation, the polymer conformation is chain-

extended (rod-like and stiff), and intermolecular electrostatic repulsion slows

recombination by several orders of magnitude. Chain scission then becomes a

competitive process (pH[9 for PAA).

Changes in the chemical composition of nanogels are documented only for PVP-

based systems irradiated at substantial doses. Sabatino et al. [79] showed that

succinimide, carboxyl groups, ether-links and non-carboxylic hydroxyl groups were

formed upon irradiation, and it was clear that the chemical change was most

significant in systems of low polymer concentration. However, this is not surprising

given the fact that the functionalisation process is radiation-driven and depends

mainly on the absorbed dose, while the methods used to detect the chemical change

are sensitive to the relative chemical change of the system rather than to the absolute

change (that is why the chemical modification effects are most evident at low

polymer concentration). The systems studied by Sabatino et al. [79] were saturated

with N2O prior to irradiation, and therefore the only expected oxidising species
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would be the hydroxyl radical. As shown above, in systems containing low polymer

concentrations, hydrogen peroxide can also be formed. At the very high doses

applied (40 kGy), N2O will be completely consumed, and the chemical conditions

during irradiation will become different from the starting conditions. Hence, several

species may form that have the potential to influence the chemical functionality of

the product. As shown for PVP, functionalisation appears to be a consequence of

oxidative conditions.

Another experimental study on PVP functionalisation was conducted more

recently [85]. In this work, Fourier transform infrared spectroscopy (FTIR) analysis

also provides useful insights. The formation of succinimide rings and COOH groups

is confirmed and shown to increase with dose. Primary amino groups were also

detected and their concentration also increases with dose. The corresponding

radiation chemical yields for their formation are in the range of nmol J-1. It is

obvious that NH2-groups can only be formed as a consequence of double N–C bond

scission of the pyrrolidone ring and that COOH groups can only be formed upon

oxidative scission of the polymer backbone or the pyrrolidone rings. It has been

speculated that the C–N bond scission required for NH2formation is facilitated by

the presence of H2O2 or the subsequently formed O2. The most probable

macroradical reactant for this reaction is an a-amino alkyl radical capable of

reducing both H2O2 and O2.

Moreover, nanogels with specific functional groups, such as reactive moieties

useful for bioconjugation of drugs or ligands or for providing stimuli-responsive-

ness, have been obtained by irradiating the polymer in the presence of unsaturated

monomers [93] or through co-crosslinking of mutually complexing polymers

[94, 95]. In the first case, a small amount of acrylic acid (AA) added to PVP

competes with intermolecular crosslinking, and smaller nanogel particles than those

of corresponding PVP systems irradiated without AA are obtained [93]. The AA

grafted on PVP provides accessible carboxyl groups for the covalent attachment of

peptides [96], proteins [9] and oligonucleotides [97]. In the second approach, where

much lower dose rates and higher amounts of AA were used, the monomer

polymerises first, then interacts with PVP by multiple hydrogen bonds. PVP act as a

soft template for the forming PAA and binds it by the radiation-induced radical–

radical combination process. The nanogels thus obtained showed pH responsiveness

and were used to encapsulate and release an ophthalmic drug [98]. Similarly,

aminopropyl methacrylamide (APMAM), a primary amino group carrying an

acrylic monomer, has been simultaneously irradiated with aqueous PVP nanogels

and grafted onto the nanogels. The nanoparticles were then decorated with

fluorescent molecules and antibodies through a peptide linkage, showing active

targeting functions [81, 82].

It is also worth mentioning that temperature- and pH-responsive nanogels have

been produced starting from amphiphilic block copolymers organised in micellar

aggregates, and inducing crosslinking by means of electron beam irradiation.

Temperature responsiveness was provided by the polyNIPAAm block, while pH

responsiveness was obtained by 5-methacryloyloxy pentatonic acid (5MPA) or

4-methacryloyloxy benzoic acid (4MBA) units [99]. Other researchers have

produced nanogels by irradiating micellar systems or microemulsions [100, 101].
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5 Concluding Remarks

Nanogels are fascinating polymer nanoparticles that, because of their tuneable

chemical structure and highly permeable interiors to solvent molecules, can change

shape and/or volume, electric charge and hydrophilic–lipophilic balance. As a

result, nanogels can be stable colloids in aqueous media but can also assemble into

supramolecular structures under a proper trigger.

These soft and dynamic nanoparticles are under intense development in cancer

imaging, molecular diagnosis and targeted therapy. The basic rationale is that they

can offer large and conformable cavities to incorporate bulky active ingredients

such as therapeutic proteins, as well as hydrophobic pockets (in the proximity of

crosslinking points) within which to host barely polar molecules, which is the case

of many medical drugs. They can display several reactive groups, either directly

linked to the network or at the terminus of dangling chains that stretch out in the

solvent. When conjugated with targeting ligands such as monoclonal antibodies,

peptides, oligonucleotides or small molecules, these nanoparticles can be used to

target malignant tumor cells and the tumor microenvironment with high specificity

and affinity.

The possibility of producing nanogels as aqueous dispersions, without necessar-

ily going through a drying step for purification, is the best guarantee for controlled

size, and hence functionality, at the nanoscale. Solvent removal that is required

when organic solvents and toxic chemicals are used in manufacturing can cause

irreversible aggregation and loss of performance.

The radiation chemistry of aqueous polymer solutions provides very interesting

opportunities for the synthesis of nanomaterials in aqueous media. No initiators or

catalysts are required to generate polymer radicals, and no soft (surfactants) or hard

templates (moulds) are necessary to control the size of the nanoparticles. This

possibility has been demonstrated with a variety of polymers, irradiation sources

and processing conditions. The nanogels produced have generally shown average

hydrodynamic diameter in a range of 20 to 200 nm and relatively narrow particle

size distribution (polydispersity index [PDI]\ 0.3). This is actually the target size

range for intravenously administered soft drug nanocarriers so that they are able to

evade the reticuloendothelial system (RES) (provided that the surface is hydrophilic

and not strongly charged) and to display extravasation capability from the newly

formed blood vessels at the tumor site.

Irradiation conditions that favour intramolecular crosslinking at some point in the

process shall be chosen in order to transform the starting polymer into a crosslinked

nanoparticle. The most important parameter to control appears to be the polymer

molar concentration. Low molar concentrations favour intramolecular crosslinking

over intermolecular crosslinking. There are some implications for excessive

reduction of polymer concentration: the throughput in terms of valuable material

becomes too low for the process to be attractive; nanogels size and crosslinking

density become somewhat fixed; the radicals produced in water may not be

completely scavenged by the polymer, yielding to other reactive molecules, which

may provide reaction routes for the macroradicals different from their mutual
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combination. This last condition may or may be not desired. Dose and dose rate, in

conjunction with polymer concentration, are two other important tuneable

parameters for the process. Irradiation at lower dose rates with relatively high

polymer concentrations can be pursued when chain extension or branching is

desired in the early phase of the process, in order to increase the molecular weight,

and thus the size, of the nanogel ultimately formed. Despite what has already been

demonstrated and rationalised with kinetic studies, molecular simulations and

product analysis, looking into the future, we feel that there are a number of research

directions that are particularly promising but require a concerted effort for success.

These include:

1. Strengthening the foundations of radiation chemistry of aqueous polymer

systems. A better understanding of the role of the various irradiation parameters

and their inter-relationships is of paramount importance in controlling nanogel

size and functionality and in establishing process design guidelines.

2. Enlarging the library of polymers used as starting materials. The use of water-

soluble or water-dispersible natural polymers and their derivatives can open up

further application opportunities, especially when bioresorption or biodegrad-

ability is required.

3. Standardisation and manufacturability. Especially for future use in biomedical

applications, radiation-engineered nanogels—as well as other nanoparticles—

must be standardised in terms of structural, physicochemical, morphological

and biological properties; characterisations and manufacturing protocols should

be defined to ensure the quality and safety of the products in collaboration with

the relevant regulatory agencies.

References

1. IUPAC (1997) Compendium of Chemical Terminology, 2nd ed. (the ‘‘Gold Book’’). Compiled by

A. D. McNaught and A. Wilkinson. Blackwell Scientific Publications, Oxford. XML on-line cor-

rected version: http://goldbook.iupac.org (2006) created by M. Nic, J. Jirat, B. Kosata; updates

compiled by A. Jenkins

2. Motornov M, Roiter Y, Tokarev I, Minko S (2010) Stimuli-responsive nanoparticles, nanogels and

capsules for integrated multifunctional intelligent systems. Prog Polym Sci 35:174–211

3. Ricka J, Tanaka T (1984) Swelling of ionic gels: quantitative performance of the Donnan theory.

Macromolecules 17:2916–2921

4. Akiyoshi K, Kobayashi S, Shichibe S, Mix D, Baudys M, Kim SW, Sunamoto J (1998) Self-

assembled hydrogel nanoparticle of cholesterol-bearing pullulan as a carrier of protein drugs:

complexation and stabilization of insulin. J Control Release 54(3):313–320

5. Chen Y, Ballard N, Bon SAF (2013) Waterborne polymer nanogels non-covalently crosslinked by

multiple hydrogen bond arrays. Polym Chem 4:387–392

6. Lim C-K, Singh A, Heo J, Kim D, Lee KE, Jeon H, Koh J, Kwon I-C, Kim S (2013) Gadolinium-

coordinated elastic nanogels for in vivo tumor targeting and imaging. Biomaterials 34:6846–6852
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einwirkung von 60CO-c-strahlen. Makromol Chem 123:73–79

68. Ulanski P, Rosiak JM (1999) The use of radiation technique in the synthesis of polymeric nanogels.

Nucl Instrum Methods Phys Res B 151(1–4):356–360

69. Kadlubowski S (2014) Radiation-induced synthesis of nanogels based on poly(N-vinyl-2-pyrroli-

done)—a review. Radiat Phys Chem 102:29–39 and references herein

70. Ulanski P, Janik I, Rosiak JM (1998) Radiation formation of polymeric nanogels. Radiat Phys

Chem 52:289–294

71. Ulanski P, Kadlubowski S, Rosiak JM (2002) Synthesis of poly (acrylic acid) nanogels by

preparative pulse radiolysis. Radiat Phys Chem 63(3–6):533–537

72. Kadlubowski S, Grobelny J, Olejniczak W, Cichomski M, Ulanski P (2003) Pulses of fast electrons

as a tool to synthesize poly (acrylic acid) nanogels. Intramolecular cross-linking of linear polymer

chains in additive-free aqueous solution. Macromolecules 36(7):2484–2492

73. Arndt K-F, Schmidt T, Reichelt R (2001) Thermo-sensitive poly(methyl vinyl ether) micro-gel

formed by high energy radiation. Polymer 42:6785–6791

74. Querner C, Schmidt T, Arndt K-F (2004) Characterization of structural changes of poly(vinyl

methyl ether) gamma-irradiated in diluted aqueous solutions. Langmuir 20(7):2883–2889

75. Schmidt T, Janik I, Kadlubowski S, Ulanski P, Rosiak JM, Reichelt R, Arndt K-F (2005) Pulsed

electron beam irradiation of dilute aqueous poly (vinyl methyl ether) solutions. Polymer

46(23):9908–9918

76. El-Rehim HAA (2005) Swelling of radiation crosslinked acrylamide-based microgels and their

potential applications. Radiat Phys Chem 74(2):111–117

77. Picos-Corrales LA, Licea-Claverı́e A, Arndt K-F (2012) Stimuli-responsive nanogels by e-beam

irradiation of dilute aqueous micellar solutions: Nanogels with pH controlled LCST. Chapter 7:

Polymer Nanotechnology. In: Nanotechnology 2012: advanced materials, CNTs, particles, films and

composites, vol 1. NSTI publication

78. Chmielewski AG, Haji-Saeid M, Shamshad Ahmed S (2005) Progress in radiation processing of

polymers. Nucl Instrum Methods Phys Res Sect B 236(1):44–54

79. Sabatino MA, Bulone D, Veres M, Spinella A, Spadaro G, Dispenza C (2013) Structure of e-beam

sculptured poly(N-vinylpyrrolidone) networks across different length-scales, from macro to nano.

Polymer 54(1):54–64

80. Dispenza C, Sabatino MA, Grimaldi N, Spadaro G, Bulone D, Bondı̀ ML, Adamo G, Rigogliuso S

(2012) Large-scale radiation manufacturing of hierarchically assembled nanogels. Chem Eng Trans

27:229C–234C

81. Dispenza C, Sabatino MA, Grimaldi N, Bulone D, Bondi ML, Casaletto MP, Rigogliuso S, Adamo

G, Ghersi G (2012) Minimalism in radiation synthesis of biomedical functional nanogels.

Biomacromolecules 13:1805–1817

82. Adamo G, Grimaldi N, Sabatino MA, Walo M, Dispenza C, Ghersi G (2016) E-beam crosslinked

nanogels conjugated with monoclonal antibodies in targeting strategies. Biol Chem. doi:10.1515/

hsz-2016-0255

Top Curr Chem (Z) (2016) 374:69

123119Reprinted from the journal



83. Spinks JWT, Woods RJ (1990) An introduction to radiation chemistry. Wiley-Interscience, Wiley,

New York

84. Alfassi ZB (1999) General aspects of the chemistry of radicals. Wiley, New York

85. Dispenza C, Sabatino M, Grimaldi N, Mangione M, Walo M, Murugan E, Jonsson M (2016) On the

origin of functionalisation in one-pot radiation synthesis of nanogels from aqueous polymer solu-

tions. RSC Adv 6(4):2582–2591

86. Plonka A (1991) Developments in dispersive kinetics. Prog React Kinet 16:157–333

87. Jeszka JK, Kadlubowski S, Ulanski P (2006) Monte Carlo simulations of nanogels formation by

intramolecular recombination of radicals on polymer chain. Dispersive kinetics controlled by chain

dynamics. Macromolecules 39:857–870

88. An JC, Weaver A, Kim B, Barkatt A, Poster D, Vreeland WN, Silverman J, Al-Sheikhly M (2011)

Radiation-induced synthesis of poly(vinylpyrrolidone) nanogel. Polymer 52:5746–5755

89. Schmitz KS, Wang B, Kokufuta E (2001) Mechanism of microgel formation via cross-linking of

polymers in their dilute solutions: mathematical explanation with computer simulations. Macro-

molecules 34:8370–8377

90. Brasch U, Burchard W (1996) Preparation and solution properties of microhydrogels from poly(-

vinyl alcohol). Macromol Chem Phys 197:223–235

91. Kadlubowski S, Ulanski P, Rosiak JM (2012) Synthesis of tailored nanogels by means of two-stage

irradiation. Polymer 53:1985–1991

92. Gorlich W, Schnabel W (1973) Untersuchungen uber dei Eiflu der Ladungsdichte aur die gegen-

seitige Desaktvierung von Polyion-Mackroradikalen. Die Macromoleculare Chemie 164:225–235

93. Grimaldi N, Sabatino MA, Przybytniak G, Kaluska I, Bondi’ ML, Bulone D, Alessi S, Spadaro G,

Dispenza C (2014) High-energy radiation processing, a smart approach to obtain PVP-graft-AA

nanogels. Radiat Phys Chem 94:76–79
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Abstract In the last decade, new generations of biopolymer-based materials have

attracted attention, aiming its application as scaffolds for tissue engineering. These

engineered three-dimensional scaffolds are designed to improve or replace damaged,

missing, or otherwise compromised tissues or organs. Despite the number of promising

methods that can be used to generate 3D cell-instructive matrices, the innovative nature

of the presentwork relies on the application of ionizing radiation technology to formand

modify surfaces and matrices with advantage over more conventional technologies

(room temperature reaction, absence of harmful initiators or solvents, high penetration

through the bulk materials, etc.), and the possibility of preparation and sterilization in

one single step. The current chapter summarizes the work done by the authors in the

gamma radiation processing of biocompatible and biodegradable chitosan-based

matrices for skin regeneration. Particular attention is given to the correlation between the

different preparation conditions and the final polymeric matrices’ properties. We

therefore expect to demonstrate that instructive matrices produced and improved by

radiation technology bring to the field of skin regenerative medicine a supplemental

advantage over more conservative techniques.
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de Lisboa, E.N. ao km 139.7, Bobadela, 2695-066 Loures, Portugal

2 Departamento de Biologia Animal, Faculdade de Ciências, Centro de Ecologia, Evolução e

Alterações Ambientais (cE3c), Universidade de Lisboa, Campo Grande, 1749-016 Lisbon,

Portugal

123

DOI 10.1007/s41061-016-0092-5

121Reprinted from the journal

Top Curr Chem (Z)  (2017) 375:5 

mailto:casimiro@ctn.tecnico.ulisboa.pt
mailto:ferrreira@ctn.tecnico.ulisboa.pt


Keywords Chitosan � Gamma irradiation � Porous scaffolds � Skin substitute �
Tissue engineering

1 Introduction

Scaffolds are three-dimensional supports that are used as a template at the body site

injury to help in guiding cell growth, regeneration, and secretion of their own

extracellular matrix (ECM), thereby assisting the body in growing new, functional

tissue. Scaffolds work in two ways; they either help direct cell growth or simply

provide a shape for the final tissue. To be used as a scaffold in tissue engineering, a

material must satisfy a number of requirements: it should not elicit severe

inflammatory responses and it should degrade into non-toxic compounds within the

time frame required for new tissue formation. Alongside the scaffolds should be

suitable porosity for cell in-growth, a surface that balances hydrophilicity and

hydrophobicity for cellular attachment, and mechanical properties that are

compatible with those of the tissue as well as maintaining mechanical strength

during most part of the tissue regenerating process.

Engineered scaffolds are thus designed to augment or completely replace

damaged, missing, or otherwise compromised tissue or organs. These scaffolds may

be permanently integrated into or bioresorbed by the body and must not only be

capable of mimicking the structure and biological functions of ECM but should also

provide a good environment for the cells so that they can easily attach, proliferate,

and differentiate. The ECM defines the three-dimensional architecture of an organ

and is engaged in a complex relationship with the cellular elements of the

surrounding environment. Consequently, communication between the cell and ECM

molecules influences various cellular processes, such as adhesion, proliferation,

differentiation, migration, and apoptosis, as well as growth factor and cytokine

modulation. Moreover, the timing of these events critically affects tissue formation

and remodeling, processes that are crucial for the integration of a tissue-engineered

scaffold into the surrounding environment [1]. In the case of skin, a double-layered

organ whose deep-partial and full-thickness wounds pose serious threats to

preserving its integrity and normal functions, it is well established that severe

damaged skin requires a protective barrier for proper healing [1, 2]. Thus, the ideal

skin scaffold should have high liquid absorbing capacity and be a biodegradable,

biomimetic, and multilayered 3-D structure comprising dermal and epidermal

equivalents. However, regardless of tissue type, a number of key considerations are

important when designing or determining the suitability of a scaffold for use in

tissue engineering; besides the biocompatibility, biodegradability, and mechanical

properties already referred to, scaffold architecture and manufacturing technology

are also determinant factors [2]. Considering this, it is not difficult to realize that the

design of an ideal tissue-engineering scaffold is one of the most important

challenges in regenerative medicine.

New generations of synthetic biomaterials are being developed at a rapid

pace. Particularly biopolymer-based hydrogels [3], nano-scale-size fibers com-

posed of natural and/or synthetic materials [4–6], and ceramics [7] have attracted
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attention in the last decade aiming its application as scaffolds for tissue

engineering. A number of methods can be used to generate instructive matrices

to be employed in tissue engineering (casting [8], electrospinning [9, 10], plasma

[11], etc.). However, despite the potential use of radiation technology to facilitate

the development of tissue engineering, only a few studies have been reported in

the preparation of instructive scaffolds and their sterilization using this

technology [12–15]. The application of radiation technology for formation and

functionalization of surfaces and matrices has remarkable advantages such as:

room temperature reaction, absence of harmful initiators or solvents, and high

penetration through the bulk materials. Additionally, radiation-synthesized

scaffolds and surfaces might be simultaneously functionalized and sterilized.

Chemical formulations under study combine the use of natural and synthetic

polymers in an attempt to take advantage of the biological activity of the natural

materials and the hydrophilicity and mechanical strengthness of the synthetic

ones. Natural materials, owing to their bioactive properties, display better

interactions with the cells, and in that way enhance the cells’ performance in

biological systems. A good example is the frequent use of polysaccharides and

proteins (like chitosan and collagen) due to their biocompatibility, biodegrad-

ability, and similarity to macromolecules recognized by the human body, which

partly mimic the ECM of tissues. Inducing and stimulating the wound-healing

process, these natural polymers are involved in the repair of damaged tissues and

consequently in skin regeneration. Simultaneously, synthetic polymers are highly

useful in the biomedical field since their properties (e.g., porosity, degradation

time, and mechanical characteristics) can be tailored through gamma irradiation

for specific applications. Some synthetic polymers like poly(e-caprolactone),
which is a biodegradable polyester in physiological conditions, poly(vinyl

alcohol), a hydrophilic biocompatible polymer and others also exhibit wound-

healing properties and enhance re-epithelialization [14–17]. Compounds with

plasticizer, humectant, and/or crosslinking properties, with good human body

tolerance (e.g., glycerol), have also being studied as additives to polymeric

matrix formulations.

Thus, blends/copolymers with natural and synthetic materials are believed to be

an effective way to develop a tissue-engineered material.

We have been working on the consolidation of the ionizing radiation techniques

for the preparation of new materials for biomedical applications in C2TN/IST

aiming to establish a strong synergy between materials and biomedical studies,

consolidating thus in a unique research laboratory a real bridge between these two

complementary areas. In this framework, authors have been carrying out a

systematic study in order to simultaneously prepare/optimize and sterilize three-

dimensional biocompatible and biodegradable skin scaffolds by c-irradiation. The
main components used in the present study were chitosan, poly(vinyl alcohol) and

glycerol. A brief description of the materials used in the preparation of the scaffolds

discussed in this chapter is outlined next.
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1.1 Chitosan

Chitosan (Chit) is a linear polysaccharide composed of poly-b(1-4)-D-glucosamine

and poly-b(1-4)-D-acetylglucosamine as shown in Fig. 1a. It is a cationic

polysaccharide of natural origin that is obtained by alkaline deacetylation of chitin,

the main exoskeleton component in crustaceans, and one of the most abundant

natural polymers. Due to an unusual combination of properties such as non-toxicity,

biocompatibility, biodegradability, bioactivity, acceleration of wound healing, fat-

biding capacity, etc., chitosan and its chemically modified structures have been

subject of many studies for use in biomedical and pharmaceutical applications

[16–22]. Chitosan bears two types of reactive groups: the C-2 amino groups on

deacetylated units and the hydroxyl groups on C-3 and C-6 carbons on acetylated or

deacetylated units [23]. In an acidic medium or without a catalyst, the reaction takes

place at the amino group [24]. Furthermore, chitosan, being a polysaccharide, is

known as a degradative-type polymer when c-irradiated [25, 26]. One of the

strategies to overcome this is the introduction of a crosslink-type polymer to the

reactional system (e.g., 2-hydroxyethyl methacrylate, HEMA), which may result in

a new matrix prepared/functionalized by gamma irradiation that combines the useful

properties of both polymers [27]. Additionally, in order to obtain a sponge-type

porous structure, blends were irradiated in a dry state.

1.2 Poly(vinyl alcohol)

Poly(vinyl alcohol), PVA (vd. Fig. 1b) is a water-soluble, white (colorless), and

odorless synthetic polymer. It has a crystalline nature associated with good

Fig. 1 Chemical structures: a chitosan; b poly(vinyl alcohol); c glycerol; d poly(1,3-glycerol carbonate)
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mechanical (high tensile strength and flexibility) and barrier properties, excellent

film-forming, emulsifying, and adhesive properties as well as good thermal stability.

It also shows good resistance to organic solvents. However, these properties are

dependent on the hydration level, since water, acting as a plasticizer agent, reduces

its tensile strength, accelerating its degradation [28]. Due to its biocompatibility,

nontoxicity, and the ability to easily form physically cross-linked hydrogels, the use

of PVA and PVA blends has being reported successfully in several biomedical and

pharmaceutical applications and still continues to be a very promising material [29].

PVA has multiple pendant alcohol groups that can work as attachment sites for

biological molecules and/or cells as well as its elasticity can induce cell orientation

or matrix synthesis by enhancing the transmission of mechanical stimuli to seeded

cells [30].

PVA is known to be a truly biodegradable synthetic polymer since the early

1930s [31]. However, its biodegradability very much depends on the degree of

polymerization, degree of hydrolysis, distribution of hydroxyl groups, stereoregu-

larity and crystallinity. As so, the degradation rate of PVA could be controlled

through these parameters. For instance, the creation of crystalline regions in PVA

through physical crosslinking improves its mechanical integrity and reduces the

respective water absorption capacity [32], which consequently reduces the PVA

degradation rate by hydrolytic mechanisms once in contact with body tissues [33].

This behavior can be used in PVA blends with natural fast degradative polymers

(e.g., chitosan) to overcome the weak physical integrity of these. It is therefore

obvious that the evaluation of the biodegradability of PVA should be made in

function of its polymer structure framed in the application and intended

performance. In our study, the crosslinking promoted on PVA during polymeric

blend irradiation for scaffold preparation results in an added mechanical stability

and consequently, in a decrease in its degradation rate. This effect is desired in order

to compensate the higher degradation rate of chitosan. By this way, the skin scaffold

will maintain for an extended period of time their barrier and cell growth matrix

properties.

1.3 Glycerol

Glycerol (vd. Fig. 1c) is a water-soluble, non-toxic, colorless, viscous sweet-tasting

polyol, commonly used in the pharmaceutical, personal care, and food industries. It

presents a high hydrophilicity associated with a high humectant capacity. Regarding

pharmaceutical applications it is being widely used in various products such as

capsules syrups, topical creams, suppositories, eye-strain reducers, etc.

In recent years, increased attention has been given to glycerol-based polymers for

biomedical applications due to the multiplicity of possible formulations/composi-

tions and molecular architectures. The presence of multiple hydroxyl groups, which

can either form new hydrogen bonds with the polymer chains and/or be

synthetically converted into various other functional groups, allows to improve

their potential biomedical applications. Special areas of interest, involving new

market opportunities, includes carriers for drug-delivery systems, sealants or

coatings for tissue repair, and anti-bacterial activity agents/barriers [34].
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For a better understanding, Fig. 1 presents the chemical structures of the

polymers used as well as the glycerol and an example of a glycerol-based polymer

[poly(1,3-glycerol carbonate)].

This chapter presents and discusses the results obtained with matrices of

composition chitosan/PVA prepared by gamma irradiation by two different methods

and in vitro tested as potential skin scaffolds. Results regarding matrices with other

compositions are still under validation.

2 Strategy

This study aims to clarify the correlation between the different preparation

conditions and the final polymeric matrices properties given their intended use as

scaffolds for skin tissue engineering. With this purpose, a detailed comparative

study of the properties shown by the different samples’ groups was performed and

divided in three main tasks:

1. Optimization of the polymeric matrices preparation (methodology, composi-

tion, polymer concentration, range of absorbed dose).

2. Evaluation of structural and functional properties of the obtained matrices.

3. In vitro biocompatibility evaluation where the cellular viability and prolifer-

ation of Human Caucasian Foetal Foreskin Fibroblast cell line was analyzed as

a measure of chitosan-based matrices biocompatibility and ability to assist skin

regeneration.

3 Experimental

3.1 Materials

Chitosan, Chit (medium molecular weight 190–375 kDa, 75–85% deacetylated

chitin), poly(vinyl alcohol), PVA (Mw 89,000–98,000, 99%? hydrolyzed) and

glycerol (puriss p.a. ACS reagent, anhydrous, dist.) were purchased from Sigma-

Aldrich and used as raw materials. All other reagents were of analytical grade and

used as received.

3.2 Preparation Methodologies

In this study, chitosan-based matrices were prepared by two methods using casting

and c-irradiation procedures. The chitosan solution (2% W/V) was prepared by

dissolution of the appropriate amount of chitosan in acetic acid (1% V/V) with

stirring at room temperature (RT) for 24 h. A PVA solution (10% W/V) was

prepared by dissolution of PVA in bi-distilled water at 80 �C until the solution was

clear. Both solutions were filtered and kept at room temperature for 24 h to remove

air bubbles. To the chitosan matrix-specific volumes of the PVA solution were
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added under continuous stirring to get a homogeneous mixture. Chit–PVA blends

with different PVA content (1, 3, 5 or 8% W/V of the final solution) were obtained.

The addition of glycerol was also tested as a humectant/plasticizer agent (0.25%

V/V). Depending on composition, the matrices will be ahead referred to as C2/

xPVA or C2/xPVA/0.25Gly, where x represents the PVA content (% W/V).

The main steps of the matrices’ preparation methods are depicted in Fig. 2. The

first approach, Method 1, included solvent evaporation at RT of the polymeric-blend

solutions in polystyrene Petri dishes until film formation (casting). Afterwards,

samples were neutralized with 0.5% sodium hydroxide and washed with distilled

water, followed by freeze-drying and irradiation procedures. The second method,

Method 2, involved the freeze-drying of the copolymeric solutions and subsequent

irradiation. Furthermore, in order to improve porosity and thus create 3D polymeric

matrices with adequate features to promote cellular growth, in Method 2,

immediately after the homogenization step, an additional procedure was introduced

where solutions were bubbled with nitrogen before the freeze-drying process (these

procedures will be mentioned ahead as Freeze (F) and Bubble freeze (BF)

Fig. 2 Schematic representation of the experimental procedure for the preparation of chitosan-based
matrices
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procedures). In both tested methods, the freeze-drying step comprised the

membrane freeze at -80 �C for 3 h and lyophilization for 48 h. Afterwards, small

circular samples, from 5 to 10 mm in diameter, were cut with cutting hole punches,

sealed under nitrogen, and irradiated. The c-irradiation was performed in the

experimental Co-60 chamber (Precisa 22) at the Ionizing Radiation Facility of

Nuclear and Technological Campus of Instituto Superior Técnico (Lisbon

University). A dose rate of 0.5 kGy h-1 was used for the purpose to achieve final

doses of 3, 5, 10 and 15 kGy.

In order to give confidence and reproducibility to the irradiation processes, the

validation of irradiation geometries and respective dose distribution was previously

accessed by Fricke dosimetry and ionizing chamber method. Amber Perspex

dosimeters (Harwell) were used to monitor the samples’ absorbed dose.

3.3 Evaluation of Structural Properties

In order to clarify the correlation between the different preparation conditions

(including methodology, composition, and absorbed dose) and the final polymeric

matrices properties, the samples obtained by the different experimental approaches

were characterized in terms of their structural properties, thermal behavior,

degradation, and in vitro cells assays.

3.3.1 Structural Characterization

Structural characterization of the irradiated samples was carried out by means of

attenuated total reflectance Fourier transform infrared (ATR-FTIR) using a micro-

FTIR Thermo Scientific (Nicolet) i50 spectrometer equipped with an ATR slide-on

diamond tip. The spectra were recorded in the 400–4000 cm-1 region at room

temperature and with a resolution of 4 cm-1 (64 scans).

The microstructural characterization of previously Au-coated samples that were

studied before and after degradation tests was performed by scanning electron

microscopy (SEM) using a SEM instrument FEG-SEM JEOL 7001F.

3.3.2 Thermal Analysis

Thermal behavior of the samples was assessed by thermo-gravimetric analysis

(TGA) using a TA instrument TGA 951. The assays were carried out under a

nitrogen atmosphere from 25 to 500 �C, using a 10 �C min-1 heating rate.

3.3.3 Water Absorption Capacity

The water absorption capacity of the prepared samples was calculated through the

following procedure: matrices’ dried specimens (/ 8 mm) were weighted dried

(Wdry) and immersed in distilled water at 37 �C. After having reached equilibrium

(&1 h), the swollen samples were carefully removed from the water, the excess

wiped off with filter paper, and weighted (Wswollen). The water absorption capacity

of the samples was found through Eq. (1):
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Water absorptionð%Þ ¼ Wswollen �Wdry

Wdry

� 100: ð1Þ

All measurements were performed in triplicate and the result was expressed as

mean value ± standard deviation (SD).

3.3.4 In Vitro Stability

In vitro stability of the scaffolds was performed in phosphate-buffered solution

(PBS 1X, pH 7.4) at 37 �C based on the extent of the matrices’ mass loss. Samples

were dried under vacuum, weighted (W0), and immersed in PBS solution. After 24 h

of immersion, the matrices were taken out of the solution, wiped of excess fluid with

filter paper, dried under vacuum, and weighted (Wdeg). Matrices’ mass loss was

calculated as the percentage of weight loss before and after PBS treatment

according to Eq. (2):

Mass lossð%Þ ¼ W0 �Wdeg

W0

� 100: ð2Þ

All measurements were performed in triplicate and the result was expressed as

mean value ± SD.

3.4 In Vitro Cellular Viability

The scaffolds used in this study were c-irradiated in sealed bags at 3, 5, 10 and

15 kGy. According to previous sterilization results on similar chitosan/pHEMA

matrices [22], it is possible to assure that the exposure to 4–5 kGy allows obtaining

matrices microbiologically safe (i.e., the probability of obtaining a contaminated

item will be much less than 1 in 106 items). Consequently, even if it is necessary to

apply specific microbiological methodology to validate the sterilization procedure,

one can say that preparation and sterilization procedures of the prepared samples

occurred in one simultaneous step. Thus, no previous sterilization procedure was

needed before cellular seeding.

3.4.1 Cell Culture

A Human Caucasian Foetal Foreskin Fibroblast cell line (HFFF2) was selected for

the biological assays (in vitro study) in order to evaluate the effect of chitosan-based

matrices on cell adhesion and viability. The HFFF2 commercial cell line was

obtained from European Collection of Cell Cultures (ECACC, UK). The cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM, Glutamax), supple-

mented with heat-inactivated fetal bovine serum (FBS) 10% (V/V) and strepto-

mycin and penicillin 100 U/ml (all from Gibco), and incubated at 37 �C in a

humidified atmosphere with 5% of CO2. The culture medium was changed every

2 days. After reaching 80% confluence, the cells were trypsinized and resuspended

in culture medium at a concentration of 2 9 104 cell/ml medium.
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3.4.2 Cell Viability Assay (alamarBlue�)

Chitosan-based matrices (/ 10 mm) were placed in a 48-well tissue culture plate

and pre-wetted with 200 ll of culture medium to promote their expansion so that the

matrices contact the walls of the well in the bottom of the chamber, avoiding

floating. The fact that the matrices are soaked with culture medium enables the

eventual migration of the cells inside its porous structure. After 10 min, the samples

were seeded with 500 ll of the HFFF2 suspension (20,000 cells) and cultured for 1,

4, and 7 days at 37 �C. Control samples were established by culturing cells directly

over the polystyrene surface of the wells.

The cellular viability was monitored with the alamarBlue� cell viability assay

(Life Technologies). At days 1, 4 and 7, the supernatant of each well was replaced

by 300 ll of fresh culture medium and 30 ll of alamarBlue� reagent and incubated

for 2 h at 37 �C in a 5% CO2 atmosphere. After the incubation period, the media

with alamarBlue� were transferred to a 96-well plate and the optical density (OD)

was read in a microplate reader (Tecan Spectra) at 570 nm with a reference

wavelength of 600 nm. The measurements were made in triplicate for each

treatment and time point (1, 4 and 7 days). Data were expressed as mean ± SD.

3.4.3 Cytochemistry

At 7 days of culture, the chitosan-based matrices and cytochemistry control samples

(glass coverslips containing cells cultured in 24-well chambers) were fixed with

paraformaldehyde, PFA 4% (in PBS), permeabilized in 0.2% TritonX-100 (Sigma-

Aldrich), and stained with ToPro3 (1:500 in PBS) and Alexa488 conjugated

Phalloidin (1:400 in PBS) (both from Molecular Probes), to observe cell’s nuclei

and actin cytoskeleton, respectively. The samples were mounted on fresh PBS on a

glass slide and imaged on a Leica SPE confocal system using either a 10 9 0.3 NA

or a 20 9 0.7 NA lens. Confocal images were acquired in 2–5 different fields

chosen randomly at the center of scaffolds.

4 Results and Discussion

4.1 Method 1 (Casting/Freeze-Dry/Irradiation)

4.1.1 Thermal Analysis

The thermal behavior of c-irradiated and non-irradiated chitosan-based matrices

with and without PVA (prepared by Method 1) at a constant heating rate of

10 �C min-1 is displayed in Fig. 3. A noticeable change is observed in the relative

degradation pattern of chitosan matrices when those are c-irradiated at 5 kGy. The

weight loss at 25–100 �C is generally attributed to the loss of bind/adsorbed water,

however, in c-irradiated chitosan matrices it cannot be assigned only to that. The

chitosan degradation can also be responsible for this first step. When chitosan is

exposed to ionizing radiation, it preferably undergoes chain scission by cleavage of

     

123 130 Reprinted from the journal

Top Curr Chem (Z) (2017) 375:5 



b-glucosidic linkages [35]. Moreover, as this process may include the dehydration

of the saccharide ring [36], it would explain the sharpest decrease in the weight

observed for the c-irradiated chitosan matrices. The second weight loss, with an

onset temperature near 255 �C for both irradiated and non-irradiated chitosan

matrices, can be due to an exhaustive degradation of the saccharide structure of the

molecule, including decomposition of deacetylated (and acetylated) units of

chitosan. In the case of Chit/PVA matrices, Fig. 3 shows that the introduction of

PVA promoted changes in the mentioned weight-loss trend of chitosan matrices. It

is clear that c-irradiated Chit/PVA matrices are more thermally stable than the

chitosan-irradiated ones. This higher stability may be assigned to a Chit/PVA denser

and crosslinked structure, meaning that PVA confers a stabilizing effect in the

structure of irradiated chitosan matrices.

4.1.2 ATR-FTIR Characterization

ATR-FTIR spectroscopy was used to assess the polymer chemical groups and

investigate the formation of crosslinked networks in chitosan-based matrices upon

irradiation. Results suggest that chitosan and PVA are binded together in the

obtained matrices and that peak intensity evolution is in accordance with the

expected changes promoted in the structure due to c-irradiation. Figure 4 shows the

FTIR spectra of c-irradiated and non-irradiated chitosan-based matrices with and

without PVA. It can be observed that depending on composition, spectra exhibit the

major peaks related to the typical chitosan and PVA patterns. The broad peak

around 3350 cm-1 is assigned to N–H and O–H stretching from the intermolecular

and intramolecular hydrogen bonds. The characteristic absorption peaks appear at

about 1648 (amide I band), 1570 (amide II, N–H deformation mode), and

1322 cm-1 (amide III band). The absorption peaks at 1151 (anti-symmetric

stretching of the C–O–C bridge), 1058 and 1028 cm-1 (skeletal vibrations involving

Fig. 3 Thermogravimetric curves of non-irradiated (0 kGy) and c-irradiated at 5 kGy chitosan (C2) and
chitosan-based C2/1PVA matrices
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the C–O stretching) are characteristics of saccharide structure of chitosan. The small

absorption peak at 895 cm-1 can be used to identify the presence of the C–O–C

bridge as well as b-glucosidic linkages between the sugar units in chitosan [37].

Concerning c-irradiated chitosan matrices, it should be noted that they exhibit much

similarity in the IR peaks as those of non-irradiated ones. However, a peaks’

intensity decrease at 895 and 1151 cm-1, which correspond to the saccharide

structure, suggests some degradation by cleavage of b-glucosidic linkages due to c-
radiation exposure, which is in accordance with results obtained by TGA analysis.

An intensity reduction at amine region (1570 cm-1) also supports the chitosan’s

degradation occurrence. Regarding the spectra of Chit/PVA matrices, all major

absorption peaks related to PVA are also presented, for instance, the slightly board

peak at 2880 cm-1 refers to the C–H stretching from alkyl groups and 1415 cm-1 to

the –C–O group. Moreover, the increase in the intensity peaks at 1415 and

1570 cm-1 at the FTIR Chit/PVA matrices suggests chemical crosslinking between

chitosan and PVA molecules. Additionally, the boarder band at 3350 cm-1, when

compared with the other spectra, also seems to corroborate this.

4.1.3 Water Absorption Capacity

Due to the secretion of body fluid during skin wound healing, in the process of

constructing skin engineered scaffolds it is necessary to evaluate its water

absorption capacity.

According to thermogravimetric and ATR-FTIR results, the introduction of PVA

into chitosan-based matrices’ confers an additional structural stability to those

matrices. Moreover, as c-irradiation seems to promote some level of crosslinking

Fig. 4 FTIR spectra of non-irradiated (0 kGy) and c-irradiated at 5 kGy chitosan (C2) and chitosan-
based C2/1PVA matrices
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between chitosan and PVA chains and/or intermolecular bonds, it is expected that

matrices’ structures become more closed and stable. Water absorption capability

results seem to confirm this since the percentage of absorbed water of Chit/PVA c-
irradiated matrices decreases when compared to the non-irradiated ones. Figure 5

displays the water absorption capacity of non-irradiated and c-irradiated at 5 kGy

Chit 2%/PVA 1% (W/V) matrix (referred as C2/1PVA). The images of the dry

(150 lm thickness) and swollen irradiated matrices can also be observed.

4.1.4 Morphological Analysis

The morphology of chitosan-based matrices was studied through SEM. Despite

showing some structural network and good surface homogeneity, the matrices

prepared by Method 1 do not evidence porosity as depicted in Fig. 6 where

representative matrices’ images are shown.

Considering the required porous characteristics for the intended skin scaffolds

application, it is clear that the chitosan-based matrices prepared by Method 1

(casting of the solutions followed by freeze-drying and irradiation) do not possess

the three-dimensional interconnected porous architecture where cells could easily

attach and proliferate. Consequently, aiming the improvement of cell adhesion and

growth properties onto those matrices no further characterization was performed on

them. Instead, a different preparation methodology was tested (Method 2).

4.2 Method 2 (Freeze-Dry/Irradiation)

4.2.1 Thermal Analysis

The thermal behavior of the c-irradiated chitosan-based matrices obtained through

Method 2, i.e., obtained through irradiation of freeze-dried polymeric blend

solutions, was similar to the one observed for matrices prepared by Method 1 and

Fig. 5 Water absorption capacity (37 �C) of non-irradiated and c-irradiated at 5 kGy C2/1PVA matrices;
images of dry and swollen C2/1PVA irradiated matrix
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already reported. Figure 7a, where the thermal profile of non-irradiated and 5 kGy-

irradiated C2/1PVA matrices are shown, reinforces the argument that introduction

of PVA in matrices’ composition can provide a shield to the chitosan backbone

against radiation-induced degradation. This kind of behavior has already been

reported in the literature [38]. It is also observed that the irradiation of matrices with

different content in PVA promotes the same effect (Fig. 7b): the introduction of

increasing amounts of PVA promotes lower initial weight losses. Thus, we may

conclude that PVA confers a stabilizing effect in the matrices’ molecular structure.

Comparing the dose effect on structural properties of the matrix it is possible to

understand the changes in the structure (vd. Fig. 8). Up to an irradiation dose of

5 kGy the structure stability of the matrices slightly decreases while for higher

irradiation doses it is possible to observe some recovery of the structural stability of

the materials.

In fact, comparing the TGA curves of samples prepared through Method 1 and

Method 2 with and without N2 bubbling (vd. Fig. 9), although showing a similar

thermal profile, Method 2 (freeze-drying of the solutions) leads to matrices with

lower structural stability. This is understandable since the referred methodology

introduces more porosity in the final matrices.

4.2.2 ATR-FTIR Characterization

The ATR-FTIR spectra of samples C2/3PVA and C2/3PVA0.25Gly irradiated at a

total dose of 10 kGy depicted in Fig. 10 show the typical peaks related to chitosan,

PVA, and glycerol previously mentioned. To a better understanding that informa-

tion is also summarized in the figure. A better peak definition and higher intensity

can be observed in the spectrum of the matrix obtained through the freeze

procedure, suggesting a more organized and stable structure when compared with

the one of bubble-freeze procedure. This is in accordance with TGA data.

Fig. 6 SEM micrographs of C2/1PVA matrix c-irradiated at 5 kGy: a surface (scale bar 100 lm);
b surface and cross-section (scale bar 10 lm)
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4.2.3 Water Absorption Capacity

It is well known that the water absorption and swelling capacity is one of the

important issues in skin scaffold development. In fact, when the scaffolds are

capable of swelling, they allow their pore size to increase, which facilitates the cells

to attach and penetrate inside the inter-polymeric network. Figure 11 shows the

increase of surface area and volume of bubble freeze (BF) prepared matrices from

dry to swollen state. In the present study, similarly to what occurs in Method 1,

results suggest that the higher the PVA content or the higher the radiation dose is

(within the studied concentration and radiation dose ranges), more crosslinking

between chitosan and PVA chains and/or intermolecular bonds are introduced in

matrices. This confers a stabilizing effect in the structure, which became more

compact and with smaller pores (the pore structures of the matrices were further

Fig. 7 Thermogravimetric curves of Chit/PVA matrices N2 bubbled: a non-irradiated and c-irradiated at
5 kGy C2/1PVA; b effect of PVA concentration on matrices c-irradiated at 5 kGy
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confirmed by SEM). Thus, the swelling capability of these bubble freeze matrices

decreases. However, for PVA contents of 8%, the increase in hydrophilic functional

groups (that overcome probably from the content increase of –OH groups due to

PVA linkage to chitosan C-2 amino groups) overrides the dose effect and a slight

increase in the swelling capability of these matrices is observed (vd. Fig. 12). In

terms of the purposed biomedical application, considering the results of water

absorption capacity, chitosan-based matrices with 5% of PVA was considered to be

the most promising prepared samples to be used as skin scaffold.

Fig. 8 Thermogravimetric curves: effect of radiation dose on C2/3PVA matrices (prepared by bubbling
N2 into the solution)

Fig. 9 Thermogravimetric curves of C2/1PVA c-irradiated at 5 kGy. Matrices prepared by the different
methods in study
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4.2.4 In Vitro Stability

The stability of a skin scaffold assumes an important role in the entire wound-

healing process. Generally, it should have a steerable degradability and degradation

rate to match the tissue regeneration. In the particular case of the obtained Chit/PVA

matrices, preliminary studies of its in vitro stability were performed in phosphate-

buffered solution (PBS 1X, pH 7.4) at 37 �C for 24 h. Overall results show that the

higher the radiation dose, the lower the matrices’ mass loss is, since more crosslinks

Fig. 10 ATR-FTIR spectra of C2/3PVA and C2/3PVA0.25Gly matrices irradiated at a total dose of
10 kGy

Fig. 11 BF chitosan-based matrices c-irradiated at different radiation doses in a dry and swollen state
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are introduced, conferring more stability to the structure of the material. Comparing

both procedures (vd. Fig. 13), freeze (without bubbling N2) and bubble freeze (with

bubbling N2), the latter one shows higher mass loss. This is observed in all PVA

contents and doses studied and is understandable since in the bubble-freeze

procedure, porosity was introduced in the matrices ‘‘weakening’’ its structure and

helping to washing out eventually free polymer chains. When glycerol is introduced

in theses matrices, the presence of multiple hydroxyl groups and the manifoldness

of its new bonds allows to keep the stability of the polymeric network, fulfilling its

function as plasticizer agent in the blend.

Fig. 12 Water absorption capacity of bubble freeze C2/5PVA and C2/8PVA matrices c-irradiated at 3,
10 and 15 kGy

Fig. 13 Mass loss (%) after 1 day of immersion in PBS solution at 37 �C of matrices C2/8PVA non-
irradiated and c-irradiated at 3 and 5 kGy

    

123 138 Reprinted from the journal

Top Curr Chem (Z) (2017) 375:5 



4.2.5 Morphological Analysis

The morphology of the ‘‘bubble freeze samples’’ was evaluated with SEM.

Figure 14 shows representative SEM micrographs of matrices’ surface morphology

of chitosan-based matrices with different PVA content (without glycerol). It can be

observed that matrices show a good surface homogeneity and an increase in PVA

percentage leads to a decrease in porosity matrices’ surface. Once again, results

suggest that a higher PVA content in Chit/PVA blends leads to a more crosslinked

structure possibly due to more Chit-PVA bonds and OH intramolecular interactions

as already mentioned. Even so, a comparison between Figs. 6 and 14 (SEM

micrographs of C2/1PVA 5 kGy matrix prepared by Method 1) evidences the three-

dimensional porous structure that Method 2 can promote in this type of polymeric

matrix. For the same sample composition, it can be seen that the morphology of

matrices’ surface is also dependent on the radiation dose (vd. Fig. 15). Thus,

radiation dose can be used too to tailor the morphology of the matrices. In the first

irradiation stage, there seems to exist a widespread presence of crosslinking

reactions that lead to a smoother surface due the increasing network density.

However, for higher irradiation doses, some degradation of the terminal chains of

PVA and chitosan ones can occur, promoting ‘‘surface erosion’’ exposing and

Fig. 14 SEM micrographs of the surface of bubble freeze Chit/PVA matrices irradiated at 3 kGy (scale
bar 10 lm)

Fig. 15 SEM micrographs of the surface of bubble freeze C2/3PVA matrices when irradiated at different
doses (scale bar 10 lm)
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accentuating a rougher surface [38]. Together, these results stress out the

importance of this preparation method to achieve in trimming surface properties.

Figure 16 shows the SEM micrographs of the C2/3PVA matrices irradiated at

10 kGy and prepared using the different procedures of Method 2: with N2 bubbling

(bubble freeze) and without (freeze). It can be observed that there is no significant

difference on the surface morphology in the matrices prepared with and without

glycerol. On the other hand, the micrographs also reveal that bubbling of N2 leads to

more open structures, showing to be a good procedure to introduce more porosity in

the matrices.

Additionally, as seen in Fig. 17, despite having some differences in the surface

morphology, all the matrices present a sponge-type ‘‘inner structure’’.

Fig. 16 SEM micrographs of C2/3PVA 10 kGy matrices’ surface using different procedures: with N2

bubbling (bubble freeze) and without (freeze) (scale bar 10 lm)

Fig. 17 Surface and cross-section SEM micrographs of C2/3PVA 10 kGy (scale bar 100 lm)
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4.2.6 In Vitro Cellular Viability

The cellular viability of the HFFF2 fibroblasts was assessed on Chit/PVA matrices

as a means to evaluate their ability to promote cell adhesion and proliferation.

Tested matrices were chosen according to the best structural results previously

obtained. Preliminary cell viability results on Chit/3PVA matrices (bubble freeze,

BF, freeze, F, and with glycerol, Gly) irradiated at different radiation doses (Fig. 18)

show that HFFF2 cells adhere well to the matrices surface but proliferate slower

than control (control = HFFF2 cell cultured under the same condition but without

matrices).

Results point out that only matrices c-irradiated at 10 kGy display cellular

growth on day 1. This is in accordance with SEM analysis, which has revealed that

chitosan-based matrices c-irradiated at 3 and 15 kGy lead to matrices with small

surface pores hindering cells to attach. However, despite showing a good porosity,

the matrix with glycerol (irradiated at 10 kGy) does not show cell growth after the

first day. It appears that cells were able to attach but unable to follow this

attachment with spreading. This might be due to changes in ionic equilibrium (pH)

introduced by glycerol that would be intolerable to cell viability. On the other hand,

still within this group of matrices c-irradiated at 10 kGy, results at day 4 revealed

that only matrices N2 bubbled presented an increase in cell proliferation.

Given the obtained results, only matrices with 3 and 5% of PVA prepared by

bubble freeze and freeze procedure were further evaluated in terms of cell viability.

To comprise all the information concerning irradiation dose (x), PVA content (y),

and preparation procedure [bubble freeze (BF) and freeze (F)], matrices in the

figures of this section are referred to as ‘‘xkGy y BF’’ or ‘‘xkGy y F’’. The results of

matrices irradiated at 5 and 10 kGy (Fig. 19) confirm the HFFF2 cell viability, i.e.,

cells adhesion and proliferation capability into the substrates in study. Once again,

cells adhered to all matrices, which is indicative of the non-cytotoxic nature of the

prepared matrices. However, cells proliferated slower than in controls with the

‘‘freeze procedure’’ matrices presenting a very low proliferation with the matrix C2/

Fig. 18 Cells growing on C2/3PVP and C2/3PVP0.25Gly matrices in culture days 1 and 4. Matrices
prepared by bubble freeze (BF) and freeze (F) procedures, and c-radiation doses of 3, 10 and 15 kGy
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5PVA N2 ‘‘bubble freeze’’ presenting the best results. Moreover, the cytochemical

stainings performed showed that cell morphology at day 7 is different to glass

coverslip-seeded fibroblasts (Fig. 20).

Confocal images of control samples at day 7 of culture showed HFFF2 cells with

the expected morphology, a fusiform shape. In confocal images of the Chit2/5PVA

BF 10 kGy c-irradiated matrix (10 kGy 5 BF as referred on Fig. 19), we can only

observe a few cells with round morphology and poor actin cytoskeletal organization

as compared to control cells. This result may indicate that cells are not attaching to

the substrate and growing in the best conditions but, even so, some cells were able

Fig. 19 Cells growing on different Chit/PVA matrices (10 and 5 kGy irradiated; 3 and 5% PVA; bubble
freeze (BF) and freeze (F) preparation procedure) in culture days 1, 4 and 7 (n = 3; mean value ± SD)

Fig. 20 HFFF2 cells growing in culture for 7 days on: a control cells; b 10 kGy 5 BF matrices (out of
focus cells asterisk; green actin; blue DNA; scale bar 50 lm)
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to invade the depth of the matrix, as can be seen by the out-of-focus cells in Fig. 20.

This is consistent with the viability assay, which showed reduced cell number.

Huang et al. [39] observed similar results having suggested that inhibition of cell

proliferation on chitosan scaffolds is due to the loss of cell–matrix binding. This

would prevent cells from recognizing and anchoring to new binding sites, and thus

cells would lose some cytoskeleton integrity. Furthermore, the incorporation of

proteins or peptides in the matrix that would allow the presence of multiple cell-

binding ligands or the surface modification of matrix by plasma treatment that

would change the electrostatic interactions may be tested in the future in order to

improve cell affinity for the matrices and to achieve better morphology and behavior

of the fibroblasts growing on these scaffolds.

5 Conclusions

Chitosan-based matrices for tissue regeneration were successfully prepared by

gamma irradiation. Two preparation methods were tested in order to optimize the

methodology. The first one involved the casting of copolymeric solutions and

solvent evaporation at room temperature followed by freeze-drying and irradiation.

The second approach involved the freeze-drying of copolymeric solutions followed

by irradiation.

The matrices were evaluated in terms of methodology, composition, absorbed

dose, structural and functional properties, and in vitro biocompatibility (cellular

viability, morphology and cytochemistry). It was found that c-irradiation and PVA

content can be used to tailor the matrices’ surface in terms of porosity/roughness

with simultaneous sterilization. The bubbling of N2 before freeze-dry showed to be

a good procedure for introducing more porosity in the matrices although it led to

higher matrices’ mass loss. The swelling capability of non-irradiated matrices

increases with the number of hydrophilic groups, i.e., with the PVA content.

Moreover, the swelling properties are also dependent on the density of network

structure.

Concerning the evaluation of cell viability, it was shown that HFFF2 cells

adhered to the surface of all matrices obtained by solutions freeze-drying method,

but do not reveal favorable cellular growth if glycerol is present in the composition.

Bubbling the polymer solution during the homogenization step followed by

freeze-drying and a c-irradiation dose up to 10 kGy seems to be the most promising

procedure. Further modifications to introduce multiple cell-binding ligands in the

matrices should be applied in order to improve cell affinity for the matrices and to

achieve a better morphology and behavior of the fibroblasts growing on these

scaffolds. Nevertheless, the study herein described evidence the versatility of

radiation technology to tailor polymeric materials for specific applications such as

skin regenerative medicine.
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Abstract The most important contributions of radiation chemistry to some selected

technological issues related to water-cooled reactors, reprocessing of spent nuclear

fuel and high-level radioactive wastes, and fuel evolution during final radioactive

waste disposal are highlighted. Chemical reactions occurring at the operating

temperatures and pressures of reactors and involving primary transients and

stable products from water radiolysis are presented and discussed in terms of the

kinetic parameters and radiation chemical yields. The knowledge of these param-

eters is essential since they serve as input data to the models of water radiolysis in

the primary loop of light water reactors and super critical water reactors. Selected

features of water radiolysis in heterogeneous systems, such as aqueous nanoparticle

suspensions and slurries, ceramic oxides surfaces, nanoporous, and cement-based

materials, are discussed. They are of particular concern in the primary cooling loops

in nuclear reactors and long-term storage of nuclear waste in geological repositories.

This also includes radiation-induced processes related to corrosion of cladding

materials and copper-coated iron canisters, dissolution of spent nuclear fuel, and

changes of bentonite clays properties. Radiation-induced processes affecting sta-

bility of solvents and solvent extraction ligands as well oxidation states of actinide

metal ions during recycling of the spent nuclear fuel are also briefly summarized.
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heterogeneous systems � Radiation-induced processes in nuclear fuel cycles �
Radiation-induced processes in nuclear waste repositories

1 Introduction

The knowledge gained from studies in the field of radiation chemistry was found to

be important and essential to a number of technological applications associated with

various areas of nuclear technology [1, 2]. These areas are related to (1) water-

cooled reactors where the radiolytic processes have to be carefully controlled in

order either to avoid or at least to decrease deleterious effects of water radiolysis, (2)

reprocessing of spent nuclear fuel and high-level radioactive wastes in order to

develop advanced fuel cycles [3], and (3) fuel evolution during final radioactive

waste disposal in order to assess the long-term safety of storage in final repositories

[4].

Radiolysis of water and aqueous solutions in various and extreme environmental

conditions (high temperatures and pressures, high LET of radiation) [5], and in

heterogeneous systems (solid surfaces or near-surface layers) [6], was found to be of

vital importance for mitigation of the unwanted effects [e.g. stress corrosion

cracking (SCC)] by applying hydrogen water chemistry (HWC) technology in

nuclear power plants running on light water reactors (LWR). These reactors are

categorized into two types: boiling (BWR) and pressurized (PWR) water reactors.

Moreover, the recent development of supercritical water-cooled reactors (SCWR)

because, inter alia, of their higher thermal efficiency stimulated studies on the

radiolysis of supercritical water. These reactors operate above the thermodynamic

critical point of water [1].

Radiation-induced processes occurring during reprocessing of spent nuclear fuel

can have unpredictable and profound effects on separation of radioisotopes. Current

strategies involve dissolution of the spent nuclear fuel and the use of complex

organic ligands designed for highly selective solvent extraction-based separation. A

large number of complexing agents has been tested for application in these steps

[7, 8]. Radiation chemistry is crucial to these processes since the design of

successful separation systems for the nuclear fuel cycle relies on the use of reagents

that are stable in an acidic and radioactive environment. Adverse effects of

radiolysis on separation systems can be predicted ahead of time by elucidation of

kinetics and mechanisms of reactions involving reactions of ligands and diluents

with the transient and stable products derived from bulk diluent and HNO3

radiolysis [3, 9].

High-level radioactive waste disposal is one of the most challenging issues

related to nuclear technology since it is directly connected to the long-term safety

concern. A deep geological disposal is one of the most commonly discussed

alternatives. At the present time, the majority of wastes are held in surface stores at

nuclear facilities (e.g. nuclear power stations), and are kept safe and separated from

the environment and people only by institutional controls. They could present a

potential hazard and, therefore, a more permanent disposal site is required.
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Geological disposals have been already considered in some countries (USA,

Finland, Sweden, Belgium, UK) [10]. This concept is based on the system of

engineered barriers (i.e. a waste form, a waste package, and a buffer material

surrounding the package) and a natural barrier (geological environment). Radiation

effects on these barriers should be considered in order to understand time evolution

of the spent fuel, which might occur in the presence of ground water, air, H2 coming

from the insert corrosion and radiolysis, and possibly hyperalkaline fluids due to the

presence of cement radiation effects [1].

This paper highlights the most important contributions of radiation chemistry to

some selected technological issues related to the development of nuclear energy.

2 Radiation Chemistry of Water in Nuclear Reactors

The mechanisms of water radiolysis at ambient temperatures have been established

for over many decades of the last century [11]. For low LET irradiation i.e.

*0.23 eV nm-1 radiolysis of water can be summarized by Eq. (1) [12], where the

numbers in parenthesis represent radiation chemical yields (G values) in units

lmol J-1.

H2O �OH 0:28ð Þ; e�aq 0:28ð Þ; �H 0:062ð Þ; H2 0:047ð Þ; H2O2 0:073ð Þ; H3Oþ 0:28ð Þ:
ð1Þ

On the other hand, measurements related to water radiolysis under extreme

conditions (including supercritical water) have been performed only within the last

three decades. These studies were initiated in order to understand the key features of

water radiolysis under these conditions, which might have crucial implications for

the corrosion processes occurring in the primary cooling loop in nuclear LWR and

SCWR when the temperature and pressure increase beyond the critical point.

It is well known that the tetrahedral-like water structure, existing at ambient

temperatures, starts to decompose with increasing temperature to subcritical and

supercritical regimes. These changes affect substantially water structure, which

consists of small aggregates and even monomeric gas-like water structure, and also

increase long-distance water–water interaction. This results in a dramatic decrease

of the dielectric constant (from 78 at the room temperature to 2.6 at 400 �C/

25 MPa).

The property changes mentioned above can have a tremendous influence on

spectral properties, radiation–chemical yields (G values), and rate constants of

primary and secondary transient species formed during water radiolysis. The

spectral properties (i.e. kmax and emax) are important for a proper evaluation of their

concentrations that in turn are necessary for a proper evaluation of G values and rate

constants of second-order reactions. These two last parameters are crucial and

strongly required since they serve as input data to the model of water radiolysis in

the primary loop of LWR and SCWR. These models enable calculations of the

concentration of oxygen (O2), hydrogen (H2), hydrogen peroxide (H2O2), and

various radicals [1, 13–18].
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Molecular products H2O2 and O2 promote corrosion and stress corrosion

cracking (SCC) in the cooling system materials and pipe work. They are formed in

the following secondary reactions involving �OH radicals (Eqs. 2–5):

�OH þ� OH ! H2O2; ð2Þ
�OH þ H2O2 ! HO�

2 þ H2O, ð3Þ

HO�
2 þ �OH ! O2 þ H2O, ð4Þ

HO�
2 þ HO�

2 ! O2 þ H2O2: ð5Þ

In order to predict feasibility of reactors cooled with supercritical water (SCWR),

there is a strong need to model radiation-induced chemistry in the reactor heat

transport piping since this can significantly improve economics of the power

generation.

2.1 Spectral Properties of Primary Transients from Water Radiolysis
and Some Selected Secondary Transient Species

Studies on spectral properties of primary transients as well as other radicals at high

temperatures and pressures are very important since the changes of water properties

may affect the position of absorption bands. In another words, they can induce the

optical absorption spectral shift. This phenomenon is directly connected to the

radical/radical ions-solvent interactions, which can be affected by the hydrogen

bonding network, the dielectric constant, the electrostatic forces and polarity of

solvent, and clustering effects of water molecules under supercritical conditions.

More detailed information about the character and reasons for changes in spectral

parameters can be found in the recent review chapter and original papers cited

therein [5].

A general tendency observed in the spectral shift of eaq
- was the following: a

strong shift to longer wavelengths with increasing temperature going from 25 to

390 �C. In the range of supercritical temperatures, the spectra of eaq
- also shift

slightly to longer wavelengths as the density of water decreases [19–23].

As far as the �OH spectrum is concerned, the temperature-dependent studies

performed in the range up to 200 �C revealed that the position of the absorption

maximum did not show significant changes with temperature [24, 25]. However, it

was reported in the later studies that at 350 �C at the expense of the primary

absorption band with kmax = 230 nm, a new weak absorption band with

kmax = 310 nm appeared. These bands have been assigned to hydrogen-bonded

and ‘‘free’’ OH radicals, respectively. Moreover, a monotonic decrease of the molar

absorption coefficient of �OH radicals at elevated temperatures was also observed

[from e250(25 �C) = 535 day m3 mol-1 s-1 to e250(350 �C) = 224 day m3 -

mol-1 s-1] [26].

Generally, in going from the room temperature to the elevated temperatures, the

radical ions showed a shift towards longer wavelengths (lower energies) [e.g.

Ph2CO�- [27], (SCN)2
�- [28, 29], Ag2

? [30], CO2
�- [31]] while the radicals derived
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from aromatic compounds show a shift towards shorter wavelengths (higher

energies) (e.g. Ph2�COH [27], 4,40BpyH�) [32]. Interestingly, carbonate radical

anions (CO3
�-) [33], and methyl viologen (MV�?) [34], showed no change in

absorption maximum with increasing temperature.

2.2 Radiation Chemical Yields (G Values) of Primary Transients
from Water Radiolysis

The measurements of G values of primary transients from water radiolysis can be

performed either by pulse radiolysis technique or steady-state radiolysis coupled

with product analysis [35]. Interestingly, the yields of primary transients in c-

irradiated supercritical water at 400 �C were already measured in 1981 [36], and

further re-analyzed [35]. Suitable scavenging systems applied can be found in the

literature [5, 32, 34]. A recent review summarized data available for G values from

room temperature up to 350 �C using different and relatively large scavenger

concentrations [13]. However, one has to keep in mind that the yields of primary

transients escaping from ‘‘spurs’’ do not reflect their yields in pure water. Moreover,

G values are actually a function of time following energy deposition and the rates of

spur reactions involved in the inter-conversion of eaq
- and �H atoms increase with

temperature [5, 37]. Recently, temperature-dependent measurements were per-

formed at low scavenger concentrations and dose ranges that initial ‘‘spur

chemistry’’ was not significantly perturbed, and the yield of the product (N2)

nearly corresponds to the yields of reducing radicals that escape recombination in

pure water. Moreover, it was shown that the yield of Gesc(
�OH) was incorrect [38].

The first attempts to measure the G(eaq
- ) at elevated temperature up to 250 �C

were performed using Cd2? and benzonitrile as electron scavengers. They showed

that G(eaq
- ) values increase significantly with temperature to *0.36 and

*0.39 lM J-1 at 200 and 250 �C, respectively [39, 40].

Subsequent experiments over the temperature range 25–400 �C at constant

pressure of 25 MPa, and using methyl viologen (MV2?) as an electron scavenger

show a monotonic increase of G values from *0.29 lM J-1 (at 25 �C) to

*0.39 lM J-1 (at 300 �C), then a decrease to a minimum *0.25 lM J-1 near Tc,

followed by a sharp increase to *0.62 lM J-1 (at 400 �C) (Fig. 1) [34], and again

a monotonic decrease to *0.24 lM J-1 (at 450 �C), reaching G value slightly

below 0.21 lM J-1 (at 500 �C) [5].

These high G values obtained in supercritical water when the density decreases

below 0.5 kg day m-3 were confronted with the G values measured based on N2

product yield when N2O was used as a scavenger for eaq
- and were found to be

threefold larger [41].

The G(�OH) values in the c-radiolysis of light and heavy water were measured as

a function of temperature up to 300 �C at constant pressure 10.3 MPa. They showed

a monotonic increase of G values from *0.29 lM J-1 (at 25 �C) to *0.50 lM J-1

(at 300 �C) in the full temperature range [42]. Later, the temperature range was

expanded to 400 �C at constant pressure of 25 MPa, and the G value was found to

reach slightly above 0.62 lM J-1 (at 400 �C) [5].
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The temperature-dependent G(�H) values were not measured directly. They were

extracted either by subtraction of G(H2) from G(H ? H2) [42], by subtraction of

G(eaq
- ) and G(�OH) from G(eaq

- ? �OH ? �H) [34], and by applying ethanol-d6 as a

scavenger for H atoms, giving HD as a stable product [41].

2.3 Kinetic Parameters of Reactions Involving Primary Transients
from Water Radiolysis

In the subsequent subchapters, the kinetic parameters of the most important

chemical reactions occurring at the operating temperatures of reactors and involving

primary transients (eaq
- , �OH and �H) and stable products (H2 and H2O2) from water

radiolysis are presented. This knowledge is necessary in order to make a reliable

prediction of the concentrations of radiolytic species at various positions in water-

cooled reactors.

2.3.1 Hydrated Electrons (eaq
- )

There are several critical reactions involving the hydrated electrons for which

kinetic parameters are necessary to predict the effects of the radiation on the cooling

water system. Therefore, many attempts have been made to study these reactions in

the high-temperature range.

The first one represents recombination of two eaq
- (Eq. 6):

e�aq þ e�aq ! H2 þ 2�OH: ð6Þ

In the 5–150 �C range, the rate constant (k6) showed a normal Arrhenius

behavior, with a diffusion-controlled activation energy of 23 kJ mol-1. Surpris-

ingly, between 150 and 250 �C, the rate constant (k6) rapidly decreased with

Fig. 1 G(eaq
- ) as a function of

temperature at 25 MPa obtained
by pulse radiolysis of a solution
of 0.5 mM MV2? and 0.2 M
tert-butyl alcohol Reprinted with
permission from Ref. [34]
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increasing temperature, and then remained constant up to 300 �C. Interestingly, the

rate constant (k6) at 250 �C was found to be similar to that measured at room

temperature. The explanation for the non-Arrhenius behavior involved a two-step

mechanism (Eqs. 6a, 6b):

e�aq þ e�aq � eaq

� �2�
2
; ð6aÞ

eaq

� �2�
2
! H2 þ 2�OH, ð6bÞ

in which the rate constant of reverse reaction (k-6a) is low at RT, and the reaction

itself has higher activation energy than the forward one and, therefore, can compete

with reaction (6b) at higher temperatures [43]. The reaction depicted in Eq. (6) was

re-investigated in the 100–325 �C range. The behavior of k6 was found to be similar

to that previously reported, showing a maximum value of 5.9 9 1010 day m3 -

mol-1 s-1 at 150 �C with a diffusional activation energy of 20 kJ mol-1, it then

decreased, and above 250 �C was found to be too small to measure it reliably [44].

The rate constants of reaction with hydrogen atoms (Eq. 7):

e�aq þ �H ! H2 þ�OH, ð7Þ

were measured over the very wide range of temperatures (5–250 �C), and indicated

Arrhenius behavior over the entire temperature range, with an activation energy of

14.0 kJ mol-1 [45].

The same reaction (Eq. 7) was re-investigated over the 100–325 �C temperature

range showing reasonable agreement with the previous data up to 200 �C. However,

the rate constant k7 showed a rapid increase with increasing temperature

Fig. 2 Arrhenius plot for reaction (7) showing the averages of the current data across all measured OH-

concentrations (circles) and previous data from ref 45 (triangles). Reprinted with permission from Ref.
[44]
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(k7 = 9.3 9 1010 day m3 mol-1 s-1 at 100 �C and 1.2 9 1012 day m3 mol-1 s-1

at 325 �C) and an increase of the activation energy above 150 �C, and thus non-

Arrhenius behavior over the entire studied temperature range (Fig. 2). This reaction

was considered to be a long-range electron transfer (LRET) reaction [44].

The rate constants of reaction with H? (Eq. 8):

e�aq þ Hþ
�

�H, ð8Þ

were measured as a function of temperature between 25 and 250 �C and showed

significant concave upward curvature in a region corresponding to temperature

above 150 �C. Moreover, it was shown that the reaction depicted in Eq. (8) rep-

resents equilibrium, where pKa decreases with temperature from 9.59 ± 0.03 at

25 �C to 6.24 ± 0.09 at 250 �C. In contrast, the rate constants of the back reaction

(in Eq. 8) showed concave downward curvature in the same temperature region

[46]. The same reaction (forward reaction in Eq. 8) was re-investigated over the

temperature range 25–380 �C showing a very good agreement with the previous

data up to 250 �C. The rate constant of eaq
- with H? started to increase more strongly

at elevated temperatures, between 200 and 350 �C [47]. These observations were

rationalized in terms of changes of the dielectric constant of water. Since the

dielectric constant of water decreases substantially with increasing temperature, the

forward reaction (Eq. 8) is accelerated more and more by a coulombic attraction

between the two opposite charged species. Later, it turned out that the rate constants

[275 �C were incorrect and were re-measured, showing slightly higher values in

comparison to those previously measured [48]. However, these corrected values do

not affect earlier conclusions. Interestingly, the rate constant of this reaction

decreased sharply at supercritical temperatures (at 380 �C). This phenomenon was

explained by ion-pairing (clustering) of reactants at supercritical temperatures,

which decreases their effective concentration [47].

The decay of the hydrated electrons in supercritical conditions showed a fast

component at a short time below 500 ps, which was assigned to the reaction of the

hydrated electron with the hydronium cation formed by radiolysis. The dependence

of the kinetics on the density of SCW was also examined [49].

Interestingly, as the density of SCW is decreased, the decay of a hydrated

electron at short time (\500 ps) becomes slower. This is because SCW becomes

more inhomogeneous and, when the density is low, behaves like a gas. At such

conditions, the cage effect is not so important, and solvated electrons can avoid spur

reaction more easily.

The rate constants of reaction with hydroxyl radicals (Eq. 9):

e�aq þ �OH !�OH, ð9Þ

were measured as a function of temperature between 5 and 225 �C and indicated

Arrhenius behavior over the temperature range 5–175 �C with an activation energy

of 14.7 kJ mol-1. The reaction of �OH radicals with silicate was suggested as a

possible explanation for the observed deviation from the straight line Arrhenius plot

above 175 �C [45].
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The temperature-dependent rate constants for reaction of eaq
- with H2O2 (Eq. 10)

have been measured at the temperature range between 5 and 200 �C, with activation

energies ranging between 10.0 and 15.6 kJ mol-1 [25, 45]. For example, the rate

constants for reaction (Eq. 10) determined at 20 and 150 �C are equal to

1.2 9 1010 M-1 s-1 and 8.5 9 1010 M-1 s-1, respectively [45]. The corresponding

values measured by another group are equal to 1.1 9 1010 M-1 s-1 and

5.6 9 1010 M-1 s-1, respectively [25].

e�aq þ H2O2 ! �OH þ�OH: ð10Þ

The rate constants for scavenging of eaq
- by O2 (Eq. 11) follow Arrhenius

behavior with an activation energy 11.3 kJ mol-1 [25]; however, at higher

temperatures they become increasingly dependent on water density [50].

e�aq þ O2 ! O��
2 : ð11Þ

A strong decrease by a factor of 4 between 0.55 and 0.45 g cm-3 and then

increase at lower density at 0.1 g cm-3 was observed for k11 in supercritical water at

380 �C. These observation were rationalized in terms of a potential of mean force

separating the ion and hydrophobic species (O2), which is maximized at

0.45 g cm-3 [50].

The temperature-dependent rate constants for reactions of eaq
- with NO2

- and

NO3
- ions have been measured at the temperature range between 25 and 350 �C

[47]. These reactions can serve as models for the ionic reactions occurring at high

temperatures and supercritical water. The rate constants of eaq
- with NO3

- were

found to follow Arrhenius behavior only to 125 �C, reaching a maximum at

*175 �C, and then decreased up to 350 �C. Similarly for the reaction with H?

(Eq. 8), these observations were rationalized in terms of changes of the dielectric

constant of water. Since the dielectric constant of water decreases substantially with

increasing temperature, the reaction begins to be slowed at some point due to the

repulsive forces between the two negatively charged species.

Reaction of eaq
- with nitrobenzene was used as a probe for studying the density

dependence on the ionic reaction rates in supercritical water. The studies were

extended up to 400 �C showing that the rate constants display a similar density

dependence observed previously for reaction with O2 (Eq. 11) [51].

Reactions of transition metal ions with the primary water radiolysis products

seem to be involved in the complex processes leading to crud deposits, which can

promote local corrosion that with time can create a rupture in the cladding, so the

fission products can be released into the coolant [52]. In order to interpret the

chemistry effects on such crud deposition behavior, the kinetics information on all

possible reactions at high temperature and pressure involving transition metal

cations is required to complete simulation of these systems [53]. The rate constants

for hydrated electron with aqueous transition metal cations that might be present in

the cooling loops, were investigated up to 300 �C. The activation energies obtained

from the Arrhenius plots are in the range 14.5–40.6 kJ mol-1 [54].

Top Curr Chem (Z) (2016) 374:60

123155Reprinted from the journal



2.3.2 Hydroxyl Radicals (�OH)

Reaction of �OH radicals with molecular hydrogen (Eq. 12) is one of the key

reactions that must be taken into account in current models of water radiolysis in

BWR reactors.

�OH þ H2 ! �H þ H2O: ð12Þ

Occurrence of this reaction is a simple and effective measure to maintain

reducing conditions in the cooling loop. The oxidizing �OH radicals are converted to

reducing �H atoms, which can in turn reduce the corrosive H2O2 and O2 that leads

eventually to formation of water molecules (Eqs. 13–16):

�H þ O2 ! HO�
2; ð13Þ

�H þ HO�
2 ! H2O2; ð14Þ

�H þ H2O2 ! �OH þ H2O, ð15Þ
�H þ �OH ! H2O: ð16Þ

These conditions can be achieved by addition of a sufficient quantity of excess H2

to the reactant coolant. Moreover, the rate constant of reaction (Eq. 12) is the most

important parameter that allows prediction of the minimum concentration of H2 or

critical hydrogen concentration (CHC), which is necessary to suppress the yield of

oxidizing species [55].

The first experiments to measure the rate constant k12 at elevated temperatures

were performed in the temperature range 20–230 �C [56]. The rate constants

determined at 20 and 230 �C were found to be (3.4 ± 0.3) 9 107 day m3 mol-1 -

s-1 and (7.7 ± 0.1) 9 108 day m3 mol-1 s-1, respectively. The activation energy

of the reaction was determined from the linear Arrhenius plot as 19 kJ mol-1.

Later studies in PWR reactor loops have shown that experimental CHC was

larger than that predicted by using the rate constant (k12) measured at 230 �C, which

is lower than the operational temperature (300 �C) in PWR reactors.

Therefore, the reaction depicted in Eq. (12) was studied up to 350 �C. At higher

temperatures, the values of the rate constant are lower than those obtained from the

extrapolation of Arrhenius plot [56]. For example, the rate constant measured at

350 �C (k12 = 3.5 9 108 day m3 mol-1 s-1) is fivefold lower than that obtained

from extrapolation [57]. This was due to the non-Arrhenius behavior of reaction

depicted in Eq. (12). The rate constant measured at 350 �C was later reevaluated

giving (6.0 ± 0.5) 9 108 day m3 mol-1 s-1 [58].

In principle, all species formed depicted in Eq. (1), including HO2
� /O2

�- , react

with each other; however, reactions depicted in Eqs. (12), (15), (17), and (18) are

more important since they represent chain reactions responsible for consumption of

H2O2.
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�H þ�OH ! e�aq; ð17Þ

e�aq þ H2O2 ! �OH þ�OH: ð18Þ

In water-cooled nuclear power plants �OH radical recombination is a primary

source of corrosive H2O2 (vide supra Eq. 2) and O2 (vide supra Eqs. 3–5). The rate

constants for the self-recombination of �OH radicals were measured in the

150–350 �C range [26]. It was found that the values above 200 �C are smaller

than previously predicted by extrapolation using activation energy of 3.7 kJ mol-1

[25]. In principle, the rate constants are at the same level around 1.2 9 1010 -

day m3 mol-1 s-1, showing no change in the 200–350 �C range [26].

The reaction between �OH and H2O2 (vide supra Eq. 3) was studied in the

temperature range 14–160 �C, and an activation energy of 14 kJ mol-1 was derived

from the Arrhenius plot. The rate constant measured at 160 �C was found to be

1.5 9 108 M-1s-1 [59].

The reaction between �OH and �H (vide supra Eq. 16) was first studied in the

temperature range 20–200 �C [60]. The rate constants (k19) of 1.5 9 1010 day m3 -

mol-1 s-1 and 4.9 9 1010 day m3 mol-1 s-1 were found at 20 and 200 �C,

respectively, with a non-linear Arrhenius plot. This reaction was later re-

investigated in the temperature range 5–233 �C [61]. The corresponding rate

constants measured at 20 and 200 �C were found to be 9.3 9 1010 day m3 mol-1 -

s-1 and 3.3 9 1010 day m3 mol-1 s-1 , which were slightly lower than those

previously measured. The activation energy was found to be 8.2 ± 0.4 kJ mol-1,

which is lower than that expected for a diffusion controlled reaction.

The reaction of �OH radicals with HO2
� radicals (vide supra Eq. 4) was studied in

the temperature range 20–296 �C. The rate constant (k4) of 7.0 9 109 day m3 -

mol-1 s-1 was measured at 20 �C. The activation energy was found to be

7.0 kJ mol-1 which was obtained from the linear Arrhenius plot [62].

2.3.3 Hydrogen Atoms (�H)

The reaction of �H atoms with -OH has been considered a ‘‘proton transfer’’, in

which the electron remains in the solvation cavity, originally occupied by the �H

atom (Eq. 19):

�H þ�OH ! e�aq: ð19Þ

An immediate contact between �H and -OH is probably necessary to effect the

proton transfer [63]. It was shown that extrapolation of the rate constants (k19)

measured up to 95 �C was not possible since the rate constants measured above

100 �C fall below numbers extrapolated because Arrhenius activation energy

becomes smaller above 100 �C [50].

The reaction of �H atoms with water (Eq. 20) was suggested to contribute to the

spur chemistry in radiolysis of water and to be responsible for the unexplained

increase of the radiation chemical yield of molecular hydrogen (H2) at high

temperatures and pressures [64].
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�H þ H2O� H2 þ� OH: ð20Þ

There are no direct measurements of k20 at any temperature except some estimations

which vary from 3.6 9 10-5 day m3 mol-1 s-1 [46], to 10 ± 2 day m3 mol-1 s-1

[65], at room temperature. Several attempts have been made to estimate the rate

constant of the forward reaction in Eq. (20) at high temperatures [64, 66, 67]. A

diffusion-kinetic modelling of spur processes in neutral water was used and the

possible value (3.18 ± 1.25) 9 104 day m3 mol-1 s-1 of k20 at 573 K was com-

puted [64]; however, it was later corrected to 1.75 9 104 day m3 mol-1 s-1 [66].

The reaction of H atoms with H2O2 (vide supra Eq. 15) was studied as a function

of temperature by several groups in the temperature range between 10 and 120 �C
[68–70]. The rate constant k15 measured at 25 �C ranged from 3.6 9 107 day m3 -

mol-1 s-1 [69], to 5.1 9 107 day m3 mol-1 s-1 [68]. Some discrepancies in the

activation energy measured were observed: 10.7 ± 0.5 kJ mol-1 [68], 16 kJ mol-1

[70], and 21 kJ mol-1 [69].

The reaction of �H atoms with HO2
� radicals (vide supra Eq. 14) was studied in the

temperature range 5–149 �C. The rate constant (k14) of 8.5 9 109 day m3 mol-1 -

s-1 was measured at 20 �C. The activation energy was found to be 17.5 kJ mol-1 ,

which was obtained from the linear Arrhenius plot [62]. This reaction was later

reinvestigated showing non-Arrhenius behavior above 200 �C. Moreover, it was

suggested that reaction between �H atoms with HO2
� radicals can occur via a

different reaction channel (Eq. 21):

�H þ HO�
2 ! 2�OH, ð21Þ

which further can recreate �H atoms via reaction depicted in Eq. (12) [58].

The bimolecular decay of �H atoms (Eq. 22) was studied in the temperature range

20–250 �C [71].

�H þ �H ! H2: ð22Þ

The activation energy was found to be 14.7 kJ mol-1 which was obtained from

the linear Arrhenius plot. Since they were some indication that molar absorption

coefficient of �H atoms increases with temperature, this value can be considered as a

lower limit. It was confirmed later that this reaction follows Arrhenius behavior up

to 350 �C [58].

The reaction of �H with molecular oxygen (O2) is of great importance for

oxidation processes occurring in water-cooled reactors (in SCWR, in particular) and

connected to the HWC technology (Eq. 23):

�H þ O2 ! HO�
2: ð23Þ

The reaction was studied at first in the temperature range 20–200 �C. The rate

constant (k23) of 3.2 9 1010 day m3 mol-1 s-1 was measured at 25 �C. The acti-

vation energy was found to be 6.2 kJ mol-1 , which was obtained from the linear

Arrhenius plot [25]. This reaction was later reinvestigated up to 350 �C, showing

non-Arrhenius behavior above 200 �C. At 350 �C, the rate constant (k23) is 2.5-fold
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lower [58], than the value extrapolated using the activation energy from the pre-

vious study [25].

2.4 Radiolysis of Water at Ambient Temperatures with High LET
Irradiation

The first studies on radiolysis of water with high LET irradiation were performed

just after the discovery of radiation; however, only with a particles, which were

available at that time. Later, the development of ion accelerators and ion beams

enabled studies with ions (e.g. H?, D?, He2?) and heavier ions with higher energies

(e.g. C–Kr, H–Au, H–U, and Ne–Au) [72]. Knowledge about radiolysis of water

with high LET irradiation is important for evaluation of radiation-induced processes

during recycling management and geological disposal of spent nuclear fuel, which

are exposed to a-irradiation generated by the actinide decay and other fission

products.

For high LET irradiation, i.e. *156 eV nm-1 radiolysis of water (an environ-

ment in extraction systems during recycling management, vide infra) can be

summarized by Eq. (24) [1, 3, 73], where the numbers in parenthesis represent

radiation chemical yields (G values) in units lmol J-1.

H2O �OH 0:05ð Þ; e�aq 0:03ð Þ; �H 0:01ð Þ; H2 0:12ð Þ; H2O2 0:10ð Þ; H3Oþ 0:03ð Þ; HO2 0:01ð Þ:

ð24Þ

The most intensively studied products of water radiolysis were hydrated electrons

(eaq
- ), hydroxyl radicals (�OH), and hydrogen peroxide (H2O2). Many of the results

were obtained by the scavenging method; however, some were from the heavy-ion

pulse radiolysis [72]. The two most important findings as far as the G values of

primary species are concerned are as follows: the primary yields of eaq
- and �OH

radicals decrease with increasing LET; on the other hand, the primary yield of H2O2

increases with increasing LET (Table 1).

Information about the intra-track dynamics can be extracted by increasing

scavenger concentration. With increasing scavenger concentration, the scavenging

reactions begin to occur more efficiently, and thus they can compete more

significantly with intra-track reactions and diffusions. However, with increasing

LET, scavenging reactions become less efficient due to increased radical density in

the track and in a consequence increased efficiency of intra-track reactions. These

Table 1 Primary radiation chemical yields (lM J-1) of eaq
- , �OH radicals, and H2O2 as a function of LET

Species/ions Hea Cb Nec Sid Are Fef

eaq
- 0.25 0.20 0.17 0.12 0.11 0.082

�OH 0.27 0.20 0.17 0.13 0.11 0.100

H2O2 0.072 0.082 0.082 0.077 0.093 0.11

a *2 eV nm-1; b *15 eV nm-1; c *30 eV nm-1; d *60 eV nm-1; e *150 eV nm-1;
f *600 eV nm-1
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trends have been confirmed using irradiation with He, C, Ne, Si, Ar, and Fe ions,

and successfully reproduced by the Monte Carlo simulations using the IONLYS-

IRT code [74].

Comprehensive reviews addressing all aspects of radiolysis of water with high

LET irradiation have been recently published [72, 74, 75]. The reader is referred to

those studies for details, which cannot be covered in depth here.

3 Radiation Chemistry of Water at Solid–Liquid Interfaces

Radiation chemistry of water at solid–liquid interfaces is directly associated with

various aspects of nuclear technology. The presence of a solid–liquid interface can

drastically change the radiation-induced decomposition of water molecules, which

are adsorbed on surfaces as compared to water molecules present in the form of a

homogeneous liquid. Studies on radiolysis of water in heterogeneous systems are

necessary to predict the aging of the existing reactors, information that is crucial for

evaluation of their safe operation. Cladding of fuel rods (ZrO2), control elements

(BeO), and cooling coils (Al2O3, Fe2O3) (which are parts of nuclear reactors) are in

constant contact with water. In addition to the interface, water is also present within

the construction materials of reactors as well in the clays that are used to contain the

spent nuclear fuel. An understanding of the radiolytic processes in confined water is

important for the safe long-term storage of nuclear waste. They can lead to high

quantities of gases not only from direct radiolysis of water, but from the radiation

energy absorbed by the solid material (vide 5.1 and 5.3).

3.1 Radiolysis of Aqueous Nanoparticle Suspensions and Slurries

An enhanced generation of molecular hydrogen during radiolysis of aqueous

nanoparticle suspensions is a very important issue of a very practical concern in

nuclear technologies. In extreme cases, i.e. severe meltdown, core debris will be in

inevitable contact with water, which can lead to production of water suspensions

(e.g. zircalloy oxidation products such as ZrO2 in water). Radiation chemistry of

water in nanoparticle suspensions has been extensively described [76]. Since then,

suspensions were not so often investigated because a modern approach to interfacial

radiation chemistry was focused on water molecules adsorbed on powders or

confined in nanoscopic dimensions. Moreover, the energy/charge transfer mecha-

nism were not prominent enough when a liquid phase greatly outweighs solid phase.

However, an interesting issue has been recently considered with respect to

application of c rays energy from nuclear reactors or high level waste to produce

hydrogen (H2). A suspension or turbidities of metals or their oxides can be used to

enhance production of hydrogen for commercial use [77, 78].

Slurries have attracted more attention since they have direct impact on nuclear

industry, especially for waste storage. Hydrogen (H2) generation at the silicon

carbide (SiC)–water interfaces was investigated in slurries instead of powders since

the latter does not adsorb enough water [79]. Hydrogen yields were found to be

higher than expected ‘‘using a simple mixture rule’’. An increase in hydrogen
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generation has been observed with decreasing amount of water. This observation

clearly indicates energy transfer from the solid to liquid phase. Sensitizing effect of

SiC on the adsorbed water was given as another possible explanation. The yields of

hydrogen increased from 0.048 lM J-1 for pure water to about 0.09 lM J-1 at

60 % water content on SiC and remained unchanged until the content of water

reached 10 %. Then, with further decrease of water content, a large increase in

hydrogen generation was observed.

Hydrogen production induced either by gamma or heavy ions (He2?) irradiation

in aqueous slurries of various iron oxides (FeO, Fe2O3 and Fe3O4) was investigated

as a function of water content (5–90 % as a function of mass) [80]. The yields of H2

depend on the oxide type, content of water and the type of irradiation. Hydrogen

yields in Fe2O3 and Fe3O4 slurries were found to be around 0.062–0.078 lM J-1

(related to a dose deposited in the water) when water loading ranged from 10 to

90 %. There is a minor increase in H2 production when water loading is 5 % for

Fe2O3 (to 0.078 lM J-1) and more pronounced for Fe3O4 (to 0.13 lM J-1). On the

other hand, FeO showed a linear decrease in H2 yield in the range of 20–100 % of

water content (from about 2.59 lM J-1 to the values in pure water. Below 20 %

there is a dramatic increase up to 41.44 lM J-1 when water loading is 5 %.

Comparison of H2 yields obtained during a and heavy ions radiolysis did not show

major differences in Fe2O3 and Fe3O4. On the other hand, a large difference was

observed for FeO. He2? irradiation resulted in a significant decrease of H2 yields to

0.19 lM J-1. These observations can be rationalized by a higher number of defects

in the FeO bulk lattice, which can act as traps for the migration of energy to the

surface.

The same research approach was applied to elucidate hydrogen production from

copper (I) (Cu2O) and copper (II) (CuO) oxides [81]. The amount of H2 produced

for both copper oxides slightly increased as the amount of water present on the

surface decreased: for Cu2O from 0.062 lM J-1 at 90 % content of water to

0.083 lM J-1 molecules at 5 % water content, and for CuO from 0.078 to

0.096 lM J-1, respectively. Irradiation with He2? ions doubled the hydrogen yield

at 5 % content of water as compared to c-rays.

Hydrogen generation during radiolysis has been explored in turbid solutions

containing titanium and water suspensions of zirconium oxide nanoparticles during

radiolysis [77, 82]. The enhanced formation of H2 was rationalized in terms of

reaction of �OH radicals with Ti3? ions (present in the Ti turbidity), which prevents

consumption of H2 by �OH radicals (vide Eq. 12) or by a positive surface charge on

ZrO2 particles, respectively.

Suspensions of gold nanoparticles (hundreds of nanometers size) in water were c-

irradiated in order to elucidate their influence on molecular hydrogen production

[83]. Hydrogen yields were not much affected by the presence of gold nanoparticles,

which led to the conclusion that no reducing species escape from solid metal to

contribute to H2 yield. Nevertheless, this escape could be diminished by relatively

large particle size, so it cannot be excluded for smaller metallic particles.

Hydrogen production during water radiolysis was measured in suspensions of

ZrO2 and Zircalloy-4 oxidation products [84]. Zircalloy is a typical cladding

material used in PWRs which under normal operation and as well as during nuclear
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accidents is oxidized to ZrO2. Pure and also seawater was studied since the last one

was used for cooling the melted core after Fukushima accident. There was nearly no

enhancement in H2 production in seawater in the presence of ZrO2 and Zircalloy-4

oxidation products.

The electron transfer from various oxides (SiO2, ZnO, Al2O3, Nd2O3, Sm2O3 ,

and Er2O3) into water was studied in nanoparticle suspensions [85]. It was found

that irrespective of the bandgap and the electron affinity of the oxide, the ‘‘hot’’

electrons are able to cross the semiconductor–liquid interface.

As one can conclude from this section, suspension and slurries of ceramic oxides

(or in a broader sense, any material) in water exposed to radiation is a complicated

and nontrivial system. The most important issues that have to be taken into

consideration during interpretation of the results are the following: (1) the solid to

liquid phase volume ratio, (2) the amount of radiation energy deposited in each

phase, (3) the efficiency of energy/charge transfer between phases, (4) the reactions

on interfacial surfaces, and (5) the non-radiation reactions on solid surface.

3.2 Radiolysis of Water on Ceramic Oxides Surfaces

Radiolysis of water in contact with ceramic oxides has gained a lot of attention since

this issue is important in various branches of nuclear industry, including nuclear

power plants, waste reprocessing facilities, and storage of nuclear waste (vide 5.1).

In recent years, several important original papers [86–91] and comprehensive

reviews, [4, 6, 92, 93] addressing radiolysis of water on ceramic oxides surfaces

were published. The reader is referred to them for details that cannot be covered in

depth here.

This section highlights only the very recently obtained results concerning

radiolysis of water on various ceramic iron and copper oxides [80, 81]. This topic is

directly connected to radiation-induced corrosion in stainless steel containers and

oxidation of copper containers, which have been currently proposed for long-term

radioactive waste storage (vide 5.1). Three different types of iron oxides, namely

iron (II) oxide (FeO), iron (III) oxide (Fe2O3), and iron (II, III) oxide (Fe3O4) with

the adsorbed water were irradiated with c-rays and 4He ions. Formation of H2 was

observed only in the system containing Fe2O3. Its yield determined with respect to

the energy deposited in water layers was found as 15.54 ± 6.22 lM J-1 , which is

considerably higher than in bulk water (0.047 lM J-1). Similar results were

obtained with other ceramic oxides for which these high yields were rationalized in

terms of energy transfer from the oxide into adsorbed water [87, 88]. A definitive

character of this energy transfer is not resolved, but presumably involves an exciton

migration to the oxide–water interface (Fig. 3) [86].

Interestingly, H2 production in the systems containing two different copper

oxides, namely copper (I) oxide (Cu2O) and copper (II) oxide (CuO), was much

lower, respectively, 0.130 ± 0.021 and 0.055 ± 0.007 lM J-1 with respect to

energy deposited in water layers [81]. These values are slightly higher than in the

bulk water (vide supra) suggesting that copper oxides are inefficient in energy

transfer from the bulk solid oxide to adsorbed water.

Top Curr Chem (Z) (2016) 374:60

123 162 Reprinted from the journal



3.3 Radiolysis of Confined Water in Nanoporous Materials

Reactions occurring during radiolysis of confined water can be significantly

modified for several reasons: (1) homogeneous kinetics can be disrupted or even

prevented due to the confined space, which does not allow a homogeneous

distribution of species after physicochemical stage of water radiolysis, (2) reactions

between species from different cavities can be hindered or even precluded

depending on the diameter of the cavity and/or the size of the openings to the cavity,

(3) water confined in small cavities is in continuous contact with solid interface,

creating a favorable environment for heterogeneous reactions, and last but not least,

(4) the physical properties of water are altered. An attempt was made to elaborate

theoretical models describing kinetics in nonhomogeneous systems. According to

these models, a free diffusion of molecules within pores is assumed while the long-

range transport of material is described as ‘‘pore hopping’’, in which the activation

energy is needed to penetrate pores or diffusion in an effective medium with a low

diffusion coefficient [94]. Deformation of hydrogen bond network [95] and

substantial reduction in mobility near surfaces has been observed [96]. In recent

work, it was demonstrated that the confinement freezes the molecular motions and

induce specific modifications of the hydrogen bond properties, not only near

surfaces, but even in large pores [97]. By using molecular dynamics it was shown

that depending on the type of silanol surface groups (fixed or movable) different

patterns of interfacial hydrogen bonds can evolve, leading to different water

behavior [98]. Solvation patterns of water depend on the pore size, with

predominant cage-like structures in small cavities, and bulk-like structures in

larger ones [99]. There are two types of confined water: (1) bound water strongly

Fig. 3 Amount of the produced
hydrogen vs. absorbed gamma
dose for radiolysis of 20 lmol of
water in vapor phase and
20 lmol of water adsorbed on
the ZrO2 surface with coverage
of *10 mol nm-2. Reprinted
with permission from ref [86]
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interacting with confining material walls and (2) free water, located farther from a

solid surface, with the bulk-like properties [100–102]. There is still a debate at what

distance one can distinguish between the two types of water: 0.7 nm [103] or

0.4 nm [104]. All these differences on a microscale lead to differences in

macroscopic properties of water, mostly in viscosity, which directly affects reaction

kinetics. Viscosity of nanoconfined water can differ by a factor of two for small

pores as compared to the bigger ones [105]. Furthermore, viscosity of confined

water is not uniform across the pore, and simulations have shown that diffusion

coefficient depends on the pore size.

Radiolysis of water in different porous materials such as zeolites, clays, porous

silica, and mesoporous sieves has been performed by probing the yield of H2

[106–114]. These studies have shown that the radiolysis of water is different at and

near solid interfaces than in the bulk water. In order to resolve the mechanisms of

radiolytic decomposition, the better characterization of water molecules adsorbed or

located near to solid surfaces is needed. The reader is referred for more details to the

recent review chapter and references therein [6]. Recently, the radiolysis of water

confined in montmorillonites was studied as a function of their composition, nature

of the exchangeable cation, and the relative humidity aiming at elaboration of H2

production mechanisms [115]. It was found that the amount of water in the

interlayer space is the key factor influencing the efficiency of H2. The effect of the

exchangeable cations was assigned to their hydration enthalpy. For a distance

smaller than 1.3 nm, the radiation yield of H2 increases with the relative humidity,

in another words, with the water amount. The cleavage of the O–H bond inside the

clay layer leading to �H atoms in interlayer space seems to account for the H2

production.

Recently, nanoporous metals have been used as specific surface materials to

study radiolysis of confined water in the vicinity of metal surfaces [116, 117]. The

behavior of radiolytic species forming during radiolysis in such ‘‘metallic

nanosponges’’ may be relevant for explanation occurring in fissures during stress

corrosion cracking. The radiation chemical yields of �OH radicals formed in water

confined in porous gold were compared to the radiation chemical yields in water

confined in silica (with similar pore size) and in ‘‘bulk’’ water. The porous gold has

a significant effect on the yield of �OH radicals measured at short time scale, over

sevenfold increase in comparison to the yield in the ‘‘bulk’’ water and confined in

silica. Their yield on the longer time-scale is nearly suppressed, probably due to the

reaction with the metal [116].

Similar observations were made for water confined in slits of stainless steel and

nickel-base alloy [117]. For both materials, 2.5–3.5-fold increase of the yield of �OH

radicals at short time scale was measured, respectively. Interestingly, it was found

that at the same scavenging time the yield of eaq
- is significantly lower than the yield

of �OH radicals. This observation was tentatively rationalized by the scavenging of

presolvated electrons by the lowest energy traps, which are the Fermi metal levels.

As a consequence, this might shift the oxidative/reductive balance toward higher

potential, which can have an impact on corrosion.

Direct probing of the time evolution of hydrated electrons formed in nanocon-

fined water in porous glasses with various pore diameters was performed by
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nanosecond pulse radiolysis [118]. The following important conclusions can be

derived from these experiments: (1) confinement enhances the encounter probability

of reactive species what is reflected in higher reaction rates of the solvated electrons

with decreasing pore size, going from 6.8 9 106 s-1 in the bulk water to

3.5 9 107 s-1 in a 1 nm pore, (2) electrons are likely hydrated in a part of pore

with bulk-like properties, not on the surface what is supported by the similarity of

the absorption spectrum recorded in a 1 nm pore to that in ‘‘bulk’’ water, (3) the

yield of hydrated electrons is higher in confined water in comparison to ‘‘bulk’’

water, suggesting migrations of excitons to the surface where they dissociate

injecting electrons in the confined water.

3.4 Radiolysis of Water in Cement-Based Materials

Radiolysis of water in cement-based materials is very poorly understood, though it

has a huge impact on nuclear industry. In France, some nuclear wastes are stored in

concrete canisters in which cement-based materials are constantly exposed to

ionizing radiation, resulting in radiolysis of confined and residual water, and as a

consequence to H2 production. These materials differ from those described

previously. Portlandite, the naturally occurring form of calcium hydroxide, is a main

product of Portland cement hydrolysis causing an increase of pH of adsorbed water

up to 13. The structure of cement-based materials differs significantly due to

different types of cement used and/or various manufacturing procedures. Nowadays,

the most commonly used is Portland cement, which consists of[60 % CaO,[20 %

SiO2, 7 % Al2O3, and small amounts of other compounds (MgO, SO3, Fe2O3). A

specific surface area varies significantly; however, it can be approximately

estimated as 400 m2/kg [119].

The cement-based materials undergo radiation damage, which depends on their

structure and chemical composition. Different mineral additives change the cement

paste phase composition by decreasing fraction of crystalline phases [e.g.

portlandite (C–H)], increases that of the fraction of gel phases, e.g. tobermorite-

like phases (C–S–H), and reduces the number of large pores [119–121]. Water,

occupying pores in cement-based materials, is not pure since it contains a wide

variety of mineral substances and exists in a constant equilibrium with the

surrounding cement paste. The aforementioned solutions are strongly alkaline with

pH values exceeding 13.

Combination of such extreme factors such as high pH, high irradiation dose rate,

and confinement has a tremendous effect on radiolysis of water. There are not much

experimental data addressing this issue, except for those in which influence of iron

on formation of H2 was studied, and confronted with a model describing radiolytic

processes in cement matrix [122–125]. An amount of H2 releasing during storage

into the operational area is an important issue directly connected to the problem of

safety. In order to identify the main ‘‘source’’ of H2, a complete set of the reactions

induced by radiolysis together with associated phenomena (e.g. precipitation,

gaseous exchange) is necessary. This represents a serious challenge taking into

account a composite and porous character of the cementitious materials where the

pore water radiolysis is strongly affected by the gas and solid phases [122].
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Reactions depicted in Eqs. (12) and (15) (vide supra) represent the chain

reactions responsible for the consumption of H2 with the respective rate constants

k12 = 4.2 9 107 M-1 s-1 and k15 = 3.6 9 107 M-1 s-1. However, at high

pH & 13, these reactions become faster since �OH radicals and H2O2 are replaced

respectively by oxide radical anions O�- and peroxide anion HO2
- (Eqs. 25, 26).

O�� þ H2 ! H� þ �OH� e�aq; ð25Þ

e�aq þ HO�
2 ! O�� þ�OH þ H2O, ð26Þ

with the respective rate constants: k25 = 1.2 9 108 M-1 s-1 and

k26 = 3.5 9 109 M-1 s-1. A direct consequence of faster rates is a better efficiency

in the consumption of H2 in this environment. This is beneficial since the quantity of

H2 emitted within disposal sites for cemented radioactive wastes should be reduced.

However, another aspect has to be taken into account, namely the presence of

impurities. They can lower recycling capability of reactions depicted in Eqs. (25)

and (26) and as a consequence reduce the rate of H2 and H2O2 decomposition. One

of the most frequently occurring impurities in cement-based materials are Fe(III)

and Fe(II) complexes. They can be anticipated to interfere with O�- and eaq
- reac-

tions (Eqs. 25, 26) via reactions (Eqs. 27, 28):

O�� þ FeðIIÞ-complexes ! O2� þ FeðIIIÞ-complexes, ð27Þ

e�aq þ FeðIIIÞ-complexes ! H2O þ FeðIIÞ-complexes: ð28Þ

Simulations of water radiolysis in cement-based materials containing Fe(III) and

Fe(II) complexes using rate constants for k27 & 3.8 9 109 M-1 s-1 and

k28 & 6.0 9 1010 M-1 s-1 confirmed this hypothesis [123]. Experimental data

obtained in c-irradiated hydrated tri-calcium silicate based cement containing

amorphous iron oxy-hydroxide were successfully simulated [125], using CHEM-

SIMUL application [122].

4 Radiation-Induced Processes During Recycling of the Spent Nuclear
Fuel

Worldwide production of nuclear wastes is estimated to be around 10,500 tons per

year [1]. Therefore, management of spent nuclear fuel is a crucial issue of the

modern nuclear industry. Fissionable elements produced in reactors as a result of

neutron capture by uranium fuel can be re-used instead of being finally disposed in

geological repositories. Recycling these elements reduces consumption of energy

resources, costs of the uranium enrichment, simplifies and makes safer waste

disposal, provides the potential for recovery of other useful elements from spent

nuclear fuel, and significantly reduces a risk arising from long-term radiotoxicity

and heat load of produced wastes [126]. Thus, it is necessary to separate highly

radioactive isotopes from spent nuclear fuel and return them into a reactor for

transmutation. Currently, two potential technologies are available for separation:
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hydrometallurgy and pyrometallurgy [127]. This subchapter is focused on the

former option. General hydrometallurgical separation can be achieved in four steps:

(a) water pool storage of the spent nuclear fuel up to 5 years for cooling and

removing of several undesired radioactive elements, (b) uranium and/or plutonium

partitioning, (c) co-extraction of minor trivalent actinides and lanthanides,

(d) selective extraction of trivalent actinides from trivalent lanthanides [7, 128].

Separation of plutonium and uranium from the spent nuclear fuel in various versions

of plutonium uranium redox extraction (PUREX) has been used by the industry in

several countries for many years [128, 129]. It significantly saves energy resources

and reduces potential radiotoxicity hazard from wastes from approximately 250,000

(once–through cycle) to 10,000 years (twice–through cycle). Further reduction to

about 300–400 years can be achieved by removing of minor actinides

[126, 127, 130]. Currently the most promising systems for carrying out of this

task are: European diamide extraction (DIAMEX) followed by regular selective

actinide extraction (r-SANEX), innovative SANEX (i-SANEX), 1-cycle SANEX,

grouped actinide extraction (GANEX), extraction of Americium (ExAm)

[126, 127], as well as US variants transuranic extraction (TRUEX) followed by

advanced trivalent actinide–lanthanide separation by phosphorous-reagent extrac-

tion from aqueous complexes (TALSPEAK) or actinide–lantinide separation

(ALSEP) systems [131].

All extraction systems mentioned above are subjected to the high energy

radiation coming mostly from a-emitters. Radiation chemistry of these systems may

significantly affect separation processes in many ways. These include: decreasing of

the extraction efficiency, loading capacity or separation factor due to ligand

radiation degradation or accumulation of irradiation products, alteration of the

oxidation state of extracting metal ions, changes of physical properties of the

solvent (density, viscosity, third phase formation). This subchapter describes several

aspects of radiation chemistry of extraction systems.

4.1 Radiation Chemical Reactions Affecting Stability of Solvents Used
in the Separation of Products of Fission

Absorption of the ionizing radiation takes place mainly in the constituent part of the

extraction system with the largest abundance of electrons, i.e. water or organic

diluents and leads to the formation of electron–radical cation pairs and excited

states. It is well known that the dielectric constant (e) of the solvent is a key factor

affecting the recombination probability between the radical cation and the ejected

electron and, as a consequence, an efficiency of the production of excited solvent

molecules. This phenomenon can be described by the Onsager radius (Rs), which is

defined as the longest distance at which the attractive potential between the ejected

electron and its parental radical cation overcomes their thermal energies, i.e. e2/

4Pee0Rs = kT (k—Boltzmann’s constant, T—temperature in K, e—electron charge,

e0—dielectric permittivity of vacuum) and thus leads to their recombination. In

organic diluents used in nuclear applications (e.g. hydrocarbons, which are

characterized by low e), a large fraction of the ejected electrons thermalize before

they can escape the Coulomb attraction of the positive charges. Therefore, the
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majority of these electrons recombines with parental radical cations that results in

the formation of the excited states. On the other hand, in diluents characterized by

high e (alcohols, water) a higher efficiency of electrons or the respective radical ions

is expected.

4.1.1 Aqueous Phase

Neat Water Water is used as co-diluent in extraction processes during reprocessing

of the spent nuclear fuel. In this case, water is mostly exposed to the irradiation of

a-emitters which is characterized by a high LET. The specific features of

radiolysis of water with high LET irradiation are given in subchapter 2.4 (vide

supra).

Diluted Nitric Acid Solutions In spent nuclear fuel reprocessing, aqueous phase

acidified by nitric acid (HNO3) is generally used. Since the dissociation constant of

HNO3 in water is relatively high pKa = -1.4 at 25 �C [132], one can assume that

HNO3 exists in diluted solutions in the form of ions (H? and NO3
-). As a

consequence, pH of the aqueous phase decreases, and eaq
- are efficiently scavenged

by H? (vide Eq. 8) with k8 = 2.3 9 1010 day m3 mol-1 s-1 [133], and to some

extent by NO3
- (Eq. 29) with k29 = 9.7 9 109 day m3 mol-1 s-1: [133].

e�aq þ NO�
3 ! NO2��

3 : ð29Þ

It is worth noting that NO3
- anions react also with the prehydrated electrons; C37

value (defined as the concentration of scavenger that reduces the initial amount of

eaq
- by 1/e = 37 %) was reported as 0.55 M [134, 135]. Hydrogen atoms (H�)

resulted from the spur reaction depicted in Eq. (8) react also with NO3
- with

k30 = 1.0 9 107 day m3 mol-1 s-1 (Eq. 30): [133].

�H þ NO�
3 ! HNO��

3 : ð30Þ

Products of reactions (29) and (30) are in the following equilibria (Eqs. 31, 32):

NO2��
3 þ Hþ

� HNO��
3 ; ð31Þ

HNO��
3 þ Hþ

� H2NO�
3; ð32Þ

with the respective pKa values 4.4 and 7.5 [136]. These radicals undergo in sub-

sequent reactions transformation to NO2
� , which is the main product of radiolysis in

diluted solutions (Eqs. 33–35):

NO2��
3 þ H2O ! NO�

2 þ 2 HO�; ð33Þ

HNO��
3 ! NO�

2 þ HO�; ð34Þ

H2NO�
3 ! NO�

2 þ H2O, ð35Þ

with the rate constants: k33 = 1.0 9 103 s-1 M-1 s-1, k34 = 2.0 9 105 s-1 and

k35 = 7.0 9 105 s-1 [136, 137]. The NO2
� radicals were found to be rather mild

oxidants with the reduction potential (NO2
� /NO2

-) within 0.87–1.04 V (vs. NHE)
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range [138]. They undergo recombination giving N2O4, a product that further slowly

hydrolyses (k36 = 18 day m3 mol-1cm-1) leading to nitric (HNO3) and nitrous

(HNO2) acids (Eq. 36) [139, 140].

N2O4 þ H2O ! HNO2 þ HNO3: ð36Þ

Formation of HNO2 has important consequences since this acid can affect

oxidation states of actinides (vide infra) during extraction processes.

Interestingly, there is no evidence for the direct oxidation of NO3
- anions by �OH

radicals [141].

Concentrated Nitric Acid Solutions In the nuclear waste reprocessing processes

(e.g. PUREX or its various modifications), concentrated aqueous solutions of HNO3

are usually used. In these conditions one can expect direct ionization of HNO3 and

NO3
- as well as their secondary reactions with the primary products of water

radiolysis. In contrast to dilute solutions, the most important intermediate formed in

concentrated solutions of HNO3 is NO3
� radical. This radical is a strong one-electron

oxidant with the reduction potential (NO3
� /NO3

-) of 2.45 V (vs. NHE) [138, 141].

Several mechanisms of NO3
� radical formation have been proposed [142–144],

including the following reactions (Eqs. 37–39):

NO�
3 NO�

3 þ e�; ð37Þ

HNO3 HNO�þ
3 þ e� ! NO�

3 þ Hþ þ e�; ð38Þ

HNO3 þ �OH ! NO�
3 þ H2O: ð39Þ

The reactions depicted in Eqs. (37) and (38) represent direct effect of ionizing

radiation on the nitric acid and its anion. On the other hand, reaction depicted in

Eqs. (39) represents secondary reaction of �OH radicals with undissociated HNO3

molecules, which takes place with the rate constant k39 = 1.4 9 108 day m3 -

mol-1 s-1 [142]. An occurrence of these reactions has been recently confirmed by

applying picosecond pulse radiolysis [145]. Moreover, a careful examination of

NO3
� yields led to the conclusion that the trapping of H2O?� by NO3

- (Eq. 40)

contributes also to NO3
� formation during the electron pulse:

NO�
3 þ H2Oþ� ! NO�

3 þ H2O: ð40Þ

Several reactions responsible for decay of NO3
� radicals were suggested [146, 147];

however, recombination of NO2
� and NO3

� radicals (with k41 = 1.7 9 109 -

day m3 mol-1 s-1) is currently recognized as the most important (Eq. 41):

NO�
3 þ NO�

2 ! N2O5: ð41Þ

Decomposition of N2O5 may lead to the nitronium ion (NO2
?) [148], which was

found to be a very strong nitrating agent [149]. Recently reported studies have

shown that for concentrated HNO3 solutions (7 M), radiolytically produced NO3
�

radicals are predominantly consumed by NO2
� radicals (80 %) (Eq. 41) and HNO2
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(15 %) (Eq. 42) with the respective rate constants 1.1 9 109 M-1 s-1 and

2.0 9 108 M- 1s-1 [150].

NO�
3 þ HNO2 ! HNO3 þ NO�

2: ð42Þ

The following reactions are additional sources of the NO2
� radicals (beyond the

aforementioned reactions 33–35, 42) (Eqs. 43, 44) in concentrated nitric acid

solutions [151, 152]:

NO�
3 þ H2O ! NO�

2 þ H2O2; ð43Þ

NO�
3 þ NO�

3 ! N2O6 ! O2 þ 2 NO�
2: ð44Þ

In turn, reaction Eq. (45) is an additional source (beyond aforementioned reac-

tion 36) of HNO2:

NO�
3 þ� OH ! HNO4 ! O2 þ HNO2: ð45Þ

Evaluation of a total quantity of HNO2 generated in the radiolysis of HNO3 solu-

tions poses many difficulties because of its low stability [153], and its reactivity

towards �OH [141], NO3
� , [142], and H2O2 [154, 155]. Efficiency of some of these

reactions depends on LET, dose, and dose rate. Therefore, a change of these

parameters may open new reaction paths and create a complicated mix of competing

reactions [1, 141]. Moreover, the system becomes even more complex, as far as the

number of reactions is concerned, either after accumulation of stable products and/

or addition of anti-nitrous agents (e.g. hydrazine). Hydrazine is used in PUREX

process in order to inhibit HNO2 redox reactions with plutonium and as a conse-

quence to promote efficient extraction in reprocessing solvent systems [156, 157]. It

is worth mentioning that NO3
� radicals are able to react with hydrazine, which exists

in highly acidic solutions as N2H5
? and N2H6

2?. The respective rate constants were

found to be (2.9 ± 0.9) 9 107 M-1 s-1 and (1.3 ± 0.3) 9 106 M-1 s-1 [150].

Effect on Physical Properties Information about radiation chemistry impact on

physical properties of aqueous phase in nuclear fuel cycle are rather sparse. Recent

studies of aqueous phase containing HNO3 being in contact with 1-octanol/kerosene

mixture (as the model i-SANEX diluents) showed virtually no effect of the radiation

neither on viscosity nor density of the system up to the 120 kGy [158, 159].

4.1.2 Organic Phase

Hydrocarbons and Kerosene Hydrocarbons and kerosene are usually used as

diluents in nuclear solvent extraction. Kerosene is a mixture of hydrocarbons and its

chemical composition depends on a source of origin. In principle, kerosene is a

mixture of various hydrocarbons containing 10 up to 16 carbon atoms in a molecule.

Its main components include linear and branched alkanes (paraffin hydrocarbons)

with a molecular formula CnH2n?2 and cyclic hydrocarbons (cycloparaf-

fins/napthenes) with a molecular formula CnH2(n?1-g) where n and g denote the

number of carbon atoms and number of rings in a molecule, respectively.
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Radiolysis of various hydrocarbons have been studied thoroughly using steady

state c-radiolysis and pulse radiolysis. There are several comprehensive reviews and

books, which discuss this topic in a detailed manner [160–164]. Radiolysis of

hydrocarbons (RH) produces excited states (RH*) and electron–hole pairs (e-,

RH�?) (Eq. 46):

RH RH�; RH�þ; e�ð Þ: ð46Þ

Because of the low dielectric constant of hydrocarbons (long Onsager radius), a

substantial fraction of initially generated electrons undergo geminate recombination

yielding excited molecules (Eq. 47):

RH�þ þ e� ! RH�: ð47Þ

The remaining electrons escape ion recombination and can be either stabilized in a

relatively shallow traps (absorption spectrum in near IR region) [165, 166], or in the

presence of solute (S), they can react forming solute radical anions Eq. 48):

e� þ S ! S��: ð48Þ

The reported G values of trapped electrons ranged between 0.031 and

0.092 lmol J-1 and depend on the structure of alkane [165–168].

The solvent holes (ionized molecules) are highly mobile and they can undergo

several ion–molecule reactions including charge (Eq. 49) and proton (Eq. 50)

transfer reactions with solute (S):

RH�þ þ S ! RH þ S�þ; ð49Þ

RH�þ þ S ! R� þ SHþ; ð50Þ

The rate constants of charge transfer processes are very high: (1–5) 9 1012 -

day m3 mol-1 s-1 for reactions depicted in Eq. 49 and (1010–1011) day m3 -

mol-1 s-1 for reactions depicted in Eq. (50) [163]. The spectral and kinetic

properties of cationic transients generated radiolytically in long chain alkanes were

addressed in an original paper [169]. Solvent holes can also undergo deprotonation

or dissociation yielding H?, H� and C-centered radicals, respectively.

Excited molecules (RH*) dissociate mostly by a homolytic cleavage of the C–H

bonds. A cleavage of C–C bond is also possible, however, with lower probability.

Reported G(H�) and G(H2) values in the c and e-beam irradiated liquid n-alkanes are

&0.070 lmol J-1 [170], and in the range of 0.43–0.55 lmol J-1 [171–173],

respectively. The amount of H2 generated is lower for branched alkanes (e.g.

0.21 lmol J-1 for 2,2-dimethylbutane) [171], and alkenes (e.g. 0.83 lmol J-1 for

1-hexene [174]. Aromatic hydrocarbons are significantly more stable towards

radiation than aliphatic hydrocarbons [e.g. G(H2) for benzene is equal to

&0.004 lmol J-1] [175]. The stabilization effect of the aromatic ring can extend

to the alkyl groups in the same molecule [176], or even to aliphatic compounds

present in a mixture with aromatic compounds [171]. Thus, a variation in the

content of commercially available kerosene may alter G(H2) values (radiation

stability) of extraction systems.
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Alcohols Alcohols represent an important class of potential diluents in

reprocessing of nuclear wastes. For instance, 1-octanol in a mixture with liquid

alkanes is very often used to study separation chemistry of minor actinides.

Radiolysis of neat alcohols leads to the formation of the alcohol positive ions and

solvated electrons (esolv
- ) (Eq. 51):

RCH2OH RCH2OH�þ þ e�solv: ð51Þ

Generally, G(esolv
- ) in n-alcohols are in the range from 0.073 to 0.21 lmol J-1

[177, 178]. The hole undergoes a fast ion–molecule reaction with the intact alcohol

molecule, which leads mostly to the C-centered radicals with reducing properties

(Eq. 52):

RCH2OH�þ þ RCH2OH ! R�CHOH þ RCH2OHþ
2 : ð52Þ

The presence of highly reducing esolv
- and C-centered radicals with a simultaneous

absence of oxidizing species favors reducing conditions in these media. G(H2)

values in c-irradiation of liquid n-alcohols vary between 0.46 and 0.56 lmol J-1

[171].

Contrary to hydrocarbons, solubility of water and HNO3 is relatively high in

alcohols. For instance, concentration of water and HNO3 in 1-octanol contacted

with 1 M aqueous solution of HNO3 is ranged between 4.7 and 5.05 % (by weight)

[179, 180], and *90 mM [181], respectively. Therefore, direct ionization of HNO3

and H2O molecules is possible in this system, which leads to NO2
� , NO3

� , and �OH

radicals. These radicals can react with alcohol molecules. The rate constants of

reactions involving �OH and NO3
� radicals with 1-octanol in water were found to be

5.2 9 109 day m3 mol-1 s-1 [182], and 5.8 9 106 day m3 mol-1 s-1 [183],

respectively. These reactions may lead to changes of physical properties of

extraction system due to the radical recombination forming products with higher

molecular weight [184]. For example, a slight change in viscosity was observed in

organic phase of i-SANEX system after delivery of 120 kGy [159].

In a summary, taking into account that extraction processes occur in the biphasic,

aerated, and acidic systems, which are exposed to a, c, and neutron irradiation, the

following reactive species can be considered as the most important: �OH, �NO3,
�NO2 radicals, H2O2, HNO2 molecular products, which are produced in aqueous

phase containing HNO3, and C-centered radical and radical cations, which are

formed in the organic phase [3].

Ionic Liquids Ionic liquids (ILs) are salts consisting entirely of ions with a

melting point below 100 �C. They have recently attracted a lot of attention as a new

class of environmentally friendly solvents. Among various applications, they can be

used in the nuclear fuel cycle [185–197]. A recent review covers main achievements

in this field [192]. ILs can be divided into groups depending on the cation structure.

In principle, ILs based on aromatic cations (e.g. imidazolium and pyridinium) reveal

elevated radiation resistance in comparison to aliphatic ammonium and phospho-

nium cations [198–201]. For instance, the radiation chemical yields of cation and

anion decomposition for 1-butyl-3-methylimidazolium bis(trifluoromethylsu-

fonyl)imide (MBIm NTf2) were found to be 0.28(2) and 0.22(2) lmol J-1,
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respectively. [200] On the other hand, the respective radiation chemical yields for

tributylmethylammonium bis(trifluoro-methylsulfonyl)imide (MB3N NTf2) were

found to be equal to 0.38 and 0.25 lmol J-1. [199] Similar tendency was observed

for molecular hydrogen generation. The G(H2) values for MB3N NTf2 and MBIm

NTf2 are equal to 0.032(4) [202] and 0.018 lmol J-1 [200], respectively. The main

difference between these two cations lies in the scavenging capability of excess

electrons. In ILs containing imidazolium moiety, the lifetime of electrons was found

to be less than 1 ps [203].

Radiation stability of ILs depends also to a certain extent on their anions.

Radiolytic yields of cation and anion decomposition for imidazolium salts with

various anions were in range -0.28(2) to -0.37(3) lmol J-1 and from -0.10(1) to

-0.22 lmol J-1, respectively [200].

Some attempts have been made to improve radiation stability of ILs by

modification of their cation structures. Substantial reduction of G(H2) values has

been obtained by replacing of alkyl substituent by benzyl one in ammonium,

pyrrolidinium, and imidazolium ILs [202]. On the other hand, benzyl substituted

cations undergo reaction with electrons, which leads to an irreversible damage of

cations and as a consequence significantly lowers radiation stability of ILs. This

unwanted reaction was not observed for 1-benzylpyridinium cation [204].

4.2 Radiation Chemical Reactions Affecting Oxidation States of Actinide
Metal Ions

The possibility to alter the oxidation state of extracting metal ions by radiolytic

products of concentrated aqueous solutions of HNO3 is a crucial issue for

reprocessing of spent nuclear fuel. Highly extractable ions can become virtually not

extractable by changing their oxidation states. In spite of the fact that eaq
- are

relatively reactive with actinide ions [1, 205], their reactions in extraction systems

are either unlikely or limited. The reactions of eaq
- with metal ions in aerated and

very strong acid environment will be suppressed due to fast reactions depicted in

Eqs. (8) and (11) (vide supra). On the other hand, the reactions of �OH radicals

depend on the extent to which they are scavenged by solvent extraction diluents like

alkanes or alcohols, which typically react at rates of 109 day m3 mol-1 s-1.

The most spectacular and carefully investigated system was redox chemistry of

neptunium (Np) ions [206], which was also reviewed recently [1, 3]. Interaction of

tetra-(Np4?) and particularly hexavalent (NpO2
2?) ions with products of radiation

induced reactions may result in non-extractable pentavalent (NpO2
?) state [130].

Np redox chemistry was successfully modeled using standard reactions occurring in

irradiated aqueous systems and confronting results with experimental data obtained

in water solutions containing 4 M HNO3 [206]. The following most important

conclusions can be drawn: (1) in the early stages of irradiation, oxidation of NpO2
?

by �OH and �NO3 radicals (Eqs. 53, 54) is predominant:

NpOþ
2 þ �OH ! NpO2þ

2 þ HO�; ð53Þ
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NpOþ
2 þ �NO3 ! NpO2þ

2 þ NO�
3 ; ð54Þ

(2) at longer irradiation time when HNO2 was accumulated, reduction of NpO2
2?

back to NpO2
? (Eq. 55) is dominant:

NpO2þ
2 þ HNO2 ! NpOþ

2 þ �NO�
2 þ Hþ: ð55Þ

It has to be stressed, at this point of exposition, that these results accounted only for

reactions in aqueous phase. The presence of the organic phase in the form of

diluents might affect redox reactions in this system, by scavenging �OH radicals.

Similar features can be expected in plutonium (Pu) and americium (Am) redox

chemistry since these elements have also multivalent oxidation states in aqueous

solutions of HNO3 [207]. These aspects were recently reviewed [3].

4.3 Radiation Chemical Reactions Affecting Stability of Solvent Extraction
Ligands

4.3.1 Organophosporous Compounds

TBP Tributylphosphate (TBP, C4H9O)3PO) is the most frequently used extracting

agent in the nuclear industry. It has been used for many years in the PUREX process

or its modifications. In general, the liquid organic phase contains 30 % of TBP

diluted in alkanes. Gaseous products (H2 and CH4) and dibutylphosphoric acid

[HDBP, (C4H9O)2OPOH] were identified as the main products of its degradation.

Formation of the latter product has adverse effects on solvent extraction. For this

reason, radiation chemistry of TBP was extensively studied.

The rate constants for the reactions of �H, �OH, �NO3 , and �NO2 radicals with

TBP (Eq. 56), which involve abstraction of H atoms, and X = �H (Eq. 56); �OH

(Eq. 56); �NO3 (Eq. 56); and �NO2 (Eq. 56) were determined [208].

C4H9Oð Þ3PO þ X ! � C4H8Oð Þ C4H9Oð Þ2PO þ HX: ð56Þ

They are equal to: 1.8 9 108 day m3 mol-1 s-1, 5 9 109 day m3 mol-1 s-1,

4.3 9 106 day m3 mol-1 s-1 and\2 9 105 day m3 mol-1 s-1, respectively.

HDBP is a product of the �(C4H8O)(C4H9O)2PO radical decay via fragmentation

(Eq. 57) [209], and/or hydrolysis reactions (Eq. 58) [210].

� C4H8Oð Þ C4H9Oð Þ2PO !þ� C4H8O þ C4H9Oð Þ2OPO�; ð57Þ

� C4H8Oð Þ C4H9Oð Þ2PO þ H2O ! �C4H8OH þ C4H9Oð Þ2OPO�: ð58Þ

In the presence of O2, the respective peroxyl radical is formed (Eq. 59), which in

subsequent reactions (Eqs. 60, 61) is transformed to HDBP [211].

� C4H8Oð Þ C4H9Oð Þ2PO þ O2 ! �OO C4H8Oð Þ C4H9Oð Þ2PO, ð59Þ

�OO C4H8Oð Þ C4H9Oð Þ2PO ! C4H8Oð Þ C4H9Oð Þ2POþ þ O��
2 ; ð60Þ
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C4H8Oð Þ C4H9Oð Þ2POþ� þ H2O ! þ C4H9Oð Þ2OPO� þ C3H7CHO þ 2Hþ:

ð61Þ

Since the concentration of TBP is relatively high in the extraction system, its direct

ionization resulting in TBP�? can be considered. In addition, formation of TBP�?

can be achieved by a charge transfer from the diluent ‘‘holes’’. Its degradation

mechanism is not clear; however, HDBP was found as a main product of TBP�?

fragmentation [212]. The possibility of charge transfer involving TBP and diluent

‘‘holes’’ implied that for diluents with low ionization potential degradation of TBP

should be reduced. This has been recently confirmed [213, 214].

Integration of HDBP reactions to the overall degradation mechanism of TBP is

necessary. This is due to accumulation of HDBP at high absorbed doses. The

reported G values of HDBP in 30 % TBP alkane solution in contact with HNO3

ranged from 0.06 to 0.11 lmol J-1 [3]. The radiation-induced degradation path of

HDBP is very similar to that presented for TBP and involves H-atom abstraction by
�H, �OH, �NO3 , and �NO2 radicals. The respective rate constants are: 1.1 9 108 -

day m3 mol-1 s-1, 4.4 9 109 day m3 mol-1 s-1, 2.9 9 106 day m3 mol-1 s-1 ,

and \2 9 105 day m3 mol-1 s-1 [208]. The decay of the C-centered radical

[�(C4H8O)(C4H9O) OPOH)] formed in these reactions leads to monobutylphospho-

ric and phosphoric acids, eventually.

In addition, �NO2 and �NO3 radicals may recombine with radicals generated in

reactions (56) and their analogs [215].

Various phosphoric acids as well nitrophosphates generated in these reactions are

highly undesirable products due to their adverse effects on performance of

extraction and a third phase formation [184, 216].

CMPO Octylphenyl-N,N-diisobutylcarbamoylmethyl phosohine oxide (CMPO)

is a complexing agent proposed for TRUEX process. Since CMPO contains an

amidic functional group (Fig. 4, middle) its radiation chemistry is similar to amidic

compounds (vide infra). A cleavage of amidic C–N bond resulting in formation of

the respective amines and carboxylic acids has been reported in irradiated alkane

solution in contact with an aqueous phase containing HNO3 [8, 217–219]. Details

concerning radiolysis products, radiation chemical yields, influence of LET can be

found in several original papers [3, 220, 221] and reviews [1, 3, 8].

4.3.2 Amidic Compounds

TODGA (N,N,N0,N0-tetraoctyldiglycolamide) (TODGA) is currently considered

one of the promising ligands for co-extraction of minor actinides and lanthanides

in DIAMEX, GANEX, and SANEX processes [222]. The most important

products of its radiation degradation are: n-octan, N,N,N0-trioctydiglycolamide

(Cside-chain–Nscission); N,N-dioctylamine, 5-(N,N-dioctyl)-amido-3-oxopentanoic

acid (N–Ccarbonyl scission); N,N-dioctylglycolamide, N,N-dioctylacetamide (C–

Oether scission); and to a lesser extent N,N-dioctylformamide and N,N-dioctyl-2-

metoxy-acetamid (C–Ccarbonyl scission) [223–226]. They are the result of the

bond scissions shown in Fig. 4, top.
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All of these products show low distribution ratio of Am(II) and Eu(III),

explaining deterioration of extraction efficiency of the irradiated system [224]. Dose

constant (d) for degradation of TODGA in n-dodecane decreases from 5.8 9 10-6

to 5.8 9 10-7 Gy-1 with ligand concentration increasing form 0.01 to 1.57 M

[227]. The parameter d can be obtained from the slope of the lines by using the

following equation: C = C0exp(d 9 D) where the C and C0 are the concentration of

TODGA before and after irradiation and D is a dose delivered to the system. A

presence of HNO3 in the system has no effect on the dose constant of TODGA;

however, it alters product ratio [224, 225]. It is believed that charge transfer reaction

between alkene radical cation (diluent holes) and TODGA initiates fragmentation of

the ligand [223, 227]. The rate constant of this reaction for n-dodecane radical

cation was reported to be equal to (10 ± 1) 9 109 day m3 mol-1 s-1 [223].

Surprisingly, a replacement of n-dodecane by 1-octanol does not affect the dose

constant parameter (d), suggesting an existence of another process that initiates

fragmentation of TODGA [227].

DMDOHEMA Dimethyl-dioctyl-hexyl-ethoxymalonamide (DMDOHEMA)

(Fig. 4, bottom) is another important ligand proposed for DIAMEX process

[1, 3]. Several radiolytic degradation products were identified, among them

respective amine (methyloctylamine), amides (dimethyloctyl-2-hexyloxyethyl

malonamide, and methyl-dioctyl-2-hexyloxyethylmalonamide), amidocarboxylic
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Fig. 4 Structures of TODGA,
CMPO, and DMDOHEMA
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acids (methoxyoctylcarbaymoyl 4-hexyl butanoic acid), and monoamide (mety-

loctylhexyloxybutanamide) [218, 228].

4.3.3 Bis-Triazinylpyridines and Their Derivatives

BTPs Bis-Triazinylpyridines (BTPs) ligands (Fig. 5, left) were proposed for

selective separation of minor actinides from lanthanides in the SANEX system.

This was the first attempt applying intentional structural modifications to develop

and improve properties of molecules to adopt into the nuclear fuel cycle [222]. The

first generation of BTPs [e.g. 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridine] (Fig. 4,

left) was susceptible to oxidative and radiolytic degradation [229]. Since

degradation starts from the H-atom abstraction at a-CH2 position of the triazin

alkyl substituent, efforts have been made to replace them with groups less

susceptible to hydrogen abstraction [229]. Especially, substituents without H atoms

at vulnerable positions have been tested. A compromise between stability, solubility

and extraction capabilities of newly designed molecules was found for cyclohexyl

moieties substituted with methyl groups in the benzylic positions (CyMe4).

Furthermore, in order to eliminate problems with stripping back metal ions, the

improved structure based on a bipyridine skeleton was designed as CyMe4-BTBP

(Fig. 5, right).

CyMe4-BTBP The 6,60-bis(5,5,8,8-tetramethyl-5,6,7,8-tetra-hydro-benzo-1,2,4-

triazin-3-yl)-2,20-bi-pyridine (CyMe4-BTBP) ligand is currently considered a

European standard for development of selective actinide separation [229, 230]. Its

relatively significant deterioration of extraction performance was observed in

1-octanol exposed to irradiation [230]. Various radiolytic products have been

detected by HPLC–MS indicating decomposition of ligands and saturation of

aromatic structure double bonds resulting in an impairment of complexation ability.

Surprisingly, deterioration of distribution ratios and separation factors in systems in

contact with an aqueous phase containing 1 M HNO3 (resulting in *90 mM HNO3

in organic phase) was negligible up to 300 kGy [181]. Adduct of 1-octanol to

CyMe4-BTBP molecule was the only detected product with significant abundance.

Apparently, this product does not affect extraction efficiency since it is probably

formed by an addition of 1-octanol derived carbon-centered radicals at the site of a

ligand that is located outside of a tetradentate binding pocket. Similar protection

effect on BTP was observed in the presence of nitrobenzene [231]. Since both

HNO3 and nitrobenzene are good electron and �H atom scavengers, it is believed

that these latter species are involved in degradation of both ligands.
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R N
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N R
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N N
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Fig. 5 Structures of BTP and CyMe4-BTBP
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The reaction of solvated electrons (esolv
- ) with BTP and BTBP derivatives in

1-octanol were measured and found to be very fast. They ranged from 1.3 9 109 -

day m3 mol-1 s-1 to 2.4 9 109 day m3 mol-1 s-1, depending on a ligand [232].

4.4 Radiation Chemical Reactions Leading to H2 Generation

Molecular hydrogen generation (H2) should not affect capability of the extraction

system. However, H2 formation is of some importance because of safety issues due

to its high flammability. For this reason, a lot of attention was paid to evaluate

G values of gaseous products formed during irradiation of aqueous solutions

containing HNO3 [141]. For instance, an amount of H2 decreases with HNO3

concentration due to scavenging reactions of H2 precursors (vide supra Eqs. 29, 30).

On the other hand, an organic phase, which may be partially dissolved in an aqueous

phase can increase efficiency of H2 generation. It was observed during e-beam

irradiation of an aqueous phase being in contact with 1-octanol/kerosene (organic

phase for SANEX system) [179].

5 Radiation-Induced Processes During Geological Disposal of Spent
Nuclear Fuel

Final disposal of spent nuclear fuel is one of the main challenges for the nuclear

industry. The conditions in repositories are not so extreme, as far as high

temperatures, pressures, and intense fluxes of radiation are concerned. However, the

time frame for safe performance is a key issue. This approach is based on multiple

massive barriers, which should prevent a release of radioactive material into the

geosphere and ultimately into the biosphere (Fig. 6).

The first barrier is a cladding material of the capsule where the spent nuclear fuel

is sealed, and which usually is a zircalloy. The second barrier is a waste package

into which the capsules are placed. In some concepts, copper-coated carbon steel

canisters are going to be used. The third barrier is a buffer material in which

canisters are embedded. Currently, bentonite is the most commonly available

material for this purpose. Montmorillonite, which is a smectite mineral, is the main

component of bentonite and is characterized by low permeabilities, high sorption

capacities and dissipation of heat, properties which are essential for the efficacy of a

buffer material as an engineered barrier.

Knowledge related to interfacial radiation chemistry is essential to understand

radiation-induced surface processes in geological repositories. Nuclear wastes

stored as powders in sealed containers can accumulate water from the humid

environment. An understanding of the radiolytic processes in water is important for

the safe long-term storage of nuclear waste. These include, for instance, corrosion of

cladding material (zircalloy) and copper canisters, production of H2 and/or

potentially explosive mixtures of H2 and O2 , as well of HNO3, production and

decomposition of H2O2 on the fuel and metal oxide surfaces, dissolution of spent

nuclear fuel and alterations of bentonite clay in contact with ground water also in

case of barrier failures.
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In recent years several comprehensive and critical reviews addressing interfacial

radiation chemistry were published [1, 4, 6, 234–236]. The reader is referred to them

and references therein for details, which cannot be covered in depth here. The

following sections address only the most important findings and highlight the very

recently published results.

5.1 Radiation-Induced Processes Related to Corrosion of Cladding
Materials and Copper-Coated Iron Canisters

Corrosion in repositories influences the lifetime of the cladding material of the

capsule and can pose a potential safety hazard. Zircalloy is a cladding material used

in the capsules where the spent nuclear fuel is sealed and under normal operation is

covered by ZrO2 layer. Hence, radiation-induced processes at the interface between

water and solid oxide are crucial.

The reactivity of �OH radicals formed on the ZrO2 surface via catalytic

decomposition of H2O2 was studied. A site-specific mechanism of H2O2 decom-

position was proposed and further used for numerical simulations of the dynamics

of the reaction system [237].

Recently, the behavior of aqueous H2 and O2 in contact with ZrO2 surface was

studied. It was found that all molecular products from water radiolysis are involved

in a very peculiar catalytic cycle, which consists of two steps displayed in Eqs. (62)

and (63):

H2O Zrð Þ þ HO�
2 Zrð Þ þ H2 þ O2 !� OH Zrð Þ þ H2O2 Zrð Þ þ H2O2; ð62Þ

�OH Zrð Þ þ H2O2 Zrð Þ ! H2O Zrð Þ þ HO�
2 Zrð Þ: ð63Þ

This mechanism was supported by the DFT calculations [238]. ZrO2 catalyzes the

reaction between H2 and O2 dissolved in water. The surface-catalyzed reaction

produces H2O2 , which is subsequently decomposed to OH radicals on the ZrO2

surface. The mechanism involves a surface-bound HO2
� radical, which catalyzes H

atom transfer from H2 to O2.

Radiation-induced corrosion of copper has been studied very occasionally, and

results of these studies were not conclusive and, at worst, contradicted each other

[4]. For this reason, the studies of radiation-induced corrosion of copper under

controlled conditions were undertaken [239, 240]. The experiments performed in

anoxic conditions showed that the dissolution of copper as well as formation of the

main corrosion product (Cu2O) increased with the absorbed dose. Interestingly,

exposure of copper to H2O2 did not resulted in any release of copper into solution.

Numerical simulations indicated that radiation-induced corrosion of copper is

caused only to a small extent by radiolysis of water [239]. However, two radiolysis

products, H2O2 and �OH radicals, should be thermodynamically capable of

corroding copper. Recent studies of reactions between H2O2 and copper and copper

oxides in the form of powders reveal formation of surface bound �OH radicals [240],

originated presumably from catalytic decomposition [241, 242]. In the presence of

copper oxides, the kinetics of H2O2 consumption is more complex than for the

redox-inert oxides.
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The topic directly related with radiation-induced corrosion in stainless steel

containers and oxidation of copper containers and connected to H2 production was

discussed earlier (vide 3.2) [80, 81].

5.2 Radiation-Induced Processes Related to Dissolution of Spent Nuclear
Fuel

Radiation-induced dissolution of spent nuclear fuel and the consequential release of

radionuclides into ground waters are key-processes, which have to be taken into

account in the safety analysis of deep geological repositories. In order to understand

these processes, many experimental and modelling studies have been performed

over recent decades using both spent fuel and various types of materials, which

imitate the real spent fuels. In recent years, several critical reviews and articles have

been published addressing these issues, mostly parameters that are responsible for

radiation-induced dissolution as well those which inhibit this process

[4, 234, 235, 243].

The spent nuclear fuel consists mainly of 95 % UO2, and the remaining 5 % is

fission products and heavier actinides. In principle, UO2 is poorly dissolved in

water; however, upon its oxidation the significantly more soluble U(VI) is formed.

Therefore, oxidation is considered the main pathway leading to dissolution of UO2.

The mechanism of oxidative dissolution of UO2 can be generally described by the

following reactions (Eqs. 64, 65):

UO2 sð Þ þ Ox ! UO2þ
2 sð Þ þ Red, ð64Þ

UO2 sð Þ þ Ox ! UO2þ
2 aqð Þ þ Red: ð65Þ

In connection with these reactions the following key questions have to be raised: (1)

what species and parameters are responsible for fuel matrix dissolution, and (2)

what parameters control the fuel dissolution rate?

It has turned out that H2O2 is the most important oxidant in spent fuel dissolution

[244, 245]. The mechanism for UO2 oxidation by H2O2 is described by the

following reactions (Eqs. 66, 67):

UO2 sð Þ þ H2O2 ! UOþ
2 sð Þ þ �OH þ� OH, ð66Þ

UOþ
2 sð Þ þ �OH ! UO2þ

2 sð Þ þ �OH: ð67Þ

The �OH radicals formed in the reaction depicted in Eq. (62) are very reactive

towards the UO2 surface and presumably react at the site of its formation (Eq. 63)

[246]. The calculated rate constants for reactions between UO2(s) and oxidizing

radiolytic products were given, [244, 246, 247] which allows simulation of radia-

tion-induced dissolution of UO2 and spent nuclear fuel [248–250].

The influence of HCO3
2 anions on the kinetics of UO2 oxidation (consumption of

H2O2) and UO2 dissolution was studied qualitatively. It was shown that the rates of

both processes increased with increasing concentration of carbonate anions. The
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observed trend in the rate of dissolution can be rationalized in terms of formation of

soluble complexes between HCO3
2 and UO2

2? [247].

Interestingly, it was found that in UO2 powdered suspensions only 80 % of the

consumed H2O2 leads to the oxidative dissolution of UO2 , according to reactions

depicted in Eqs. (66) and (67) [251]. The remaining 20 % is supposed to be

consumed by surface-catalyzed decomposition (Eq. 68):

UO2 sð Þ þ H2O2 ! UO2 sð Þ þ H2O þ 1=2 O2: ð68Þ

Comparison of UO2 dissolution in pure UO2 pellets with the UO2 pellets doped

with rare earth oxides (Y2O3) (SIMFUEL) showed almost no UO2 dissolution in the

latter case [252]. In order to explain this observation a series of papers reporting

experiments with UO2 pellets doped with Y2O3 was published [253–255]. Doping

seems to alter the ratio between the rate constants k60 and k62. However, it is not

known currently whether the presence of dopants affects one or both of the possible

reactions. It should be stressed that the main effect of doping was rather a lower

redox reactivity of the solid towards oxidants [254, 255].

Earlier studies showed that radiation-induced dissolution of spent nuclear fuel is

inhibited in the presence of H2 [243]. H2 is produced by radiolysis of water and also

in considerable amounts by anaerobic corrosion of iron in the canisters for spent

nuclear fuel. The insoluble noble metal (Mo, Ru, Tc, Rh, Pd, and Te) clusters,

known as e particles, are present at the fuel surface and interior of the pellet and

were found to catalyze oxidation of UO2 (Eqs. 66, 67) as well as reduction of

surface bound oxidized UO2
2? by H2 (Eq. 69) [256]:

UO2þ
2 sð Þ þ H2 ! UO2 sð Þ þ 2Hþ: ð69Þ

This reaction will reduce the dissolution rate and in a consequence the radionuclide

release. On the other hand, reduction of UO2
? in aqueous phase does not affect the

rate of the radionuclide release, but merely lowers its concentration [257].

The similar inhibiting H2 influence on dissolution of UO2 was observed in a-

doped UO2. However, the mechanism presented above for spent nuclear fuel cannot

be applied since this material does not contain noble metal inclusions. Therefore,

this effect can be rationalized in terms of reactions depicted in Eqs. (12) and (15),

which lower H2O2 concentration when concentration of H2 is higher than

concentration of H2O2. Moreover, �H atoms which are formed in reaction depicted

in Eq. (12) can reduce already dissolved UO2
2? to less soluble UO2 [258].

The inhibition of radiation-induced dissolution of UO2 based spent nuclear fuel

was also observed in the presence of H2S/HS- and was rationalized in terms of

scavenging of radiolytic oxidants and reduction of UO2
2? [259].

5.3 Radiation-Induced Processes Related to Changes of Bentonite Clays
Properties

The first irradiation studies on bentonite clays showed that their physicochemical

properties and the frame structure were little affected by exposure to c-rays [260].
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On the other hand, significant damage leading to amorphization was observed in

smectites under electron-beam irradiation [261].

In recent years, the influence of c-irradiation on the colloidal stability of

bentonite suspensions was studied showing that irradiated colloidal suspensions are

more stable than those non-irradiated. This phenomenon was assigned to the

increase of the surface charge due to irradiation [262].

Effects of c-irradiation on apparent diffusivity values and sorption coefficients in

bentonite for Cs? and Co2? was studied showing decreasing sorption abilities for

Co2?, in contrast to Cs?. This effect implies that irradiation may change surface

features that affect Co2? affinity [263].

Since the montmorillonite particles may contain iron as, inter alia, Fe ions

complexed by surface hydroxyl groups on the edge of the layer, the influence of c-

radiation on the structural Fe(II)/Fe(III) ratio in montmorillonite was studied [264].

The observed increase in Fe(II)/Fe(III) ratio resulted in increased reactivity towards

H2O2. Thus, the structural iron in montmorillonite can play a role of a sink for

H2O2, which is one of the major oxidants formed upon water radiolysis in the

bentonite barrier.

In order to elucidate a presence of bentonite on the oxidative dissolution of

spent nuclear fuel (the scenario of possible barriers failure), UO2 pellets were

exposed to c-irradiation in the presence of H2O2 and bentonite. Interestingly,

these experiments revealed that the presence of bentonite in water can reduce the

rate of dissolution of UO2. This phenomenon was explained in terms of

scavenging of radiolytic oxidants by bentonite, but not by adsorption of UO2 on

bentonite [265].

Very recently, the H2 formation was studied in synthetic and natural talcs (taken

as a model of clay minerals, which do not have swelling properties, as

montmorillonites) [266]. It was found that transition element cationic impurities

(present in natural talc) are able to scavenge efficiently the electrons and H� atoms,

and thus decrease 30-fold the H2 yield in comparison to the synthetic talc.

6 Conclusions

Contribution of radiation chemistry to a number of technological applications

associated with various areas of nuclear technology is difficult to be overestimated.

A substantial and essential knowledge collected over the years (in last two decades,

in particular) is invaluable in understanding reaction mechanisms induced by high-

energy radiation in various and extreme environmental conditions and heteroge-

neous systems. With the recent and continuous development of experimental and

computational techniques, this branch of chemistry should enable further progress in

addressing still unresolved issues related to understanding and controlling radiation

processes relevant to nuclear energy production where reactions take place at high

temperatures and pressures including supercritical region, high LET, and at

interfaces.

Top Curr Chem (Z) (2016) 374:60

123183Reprinted from the journal



Acknowledgments This work was supported by the US Department of Energy Office of Science, Office

of Basic Energy Science under award number DE-FC02-04ER15533 (KB), the Euratom-Fission

Collaborative Project SACSESS, FP7-Fission-2012-323282, co-financed by the Grant No. 2924/7. PR-

EURATOM/2013/2 donated by the Ministry of Science and Higher Education (Poland) (TS), and the

Strategic Research Project P/J/7/170071/12 financed by the National Research and Development Centre

(KS). One of us (KB) would like to thank Professor Ian Carmichael for his hospitality during the stay.

This is document number NDRL-5116 from the Notre Dame Radiation Laboratory.

References

1. Takagi J, Mincher BJ, Yamaguchi M, Katsumura Y (2011) Radiation chemistry in nuclear engi-

neering. In: Hatano Y, Katsumura Y, Mozumder A (eds) Charged Particle and Photon Interactions

with Matter. CRC Press, Boca Raton, pp 959–1023

2. Chmielewski AG, Szołucha MM (2016) Radiation chemistry for modern nuclear energy develop-

ment. Radiat Phys Chem 124:235–240

3. Mincher BJ (2015) Radiation chemistry in the reprocessing and recycling of spent nuclear fuels. In:

Taylor R (ed) Reprocessing and Recycling of Spent Nuclear Fuel. Elsevier, Amsterdam,

pp 191–211

4. Jonsson M (2014) An overview of interfacial radiation chemistry in nuclear technology. Isr J Chem

54:292–301

5. Lin M, Katsumura Y (2011) Radiation chemistry of high temperature and supercritical water and

alcohols. In: Hatano Y, Katsumura Y, Mozumder A (eds) Charged Particle and Photon Interactions

with Matter. CRC Press, Boca Raton, pp 401–424

6. LaVerne JA (2011) Radiation chemistry of water with ceramic oxides. In: Hatano Y, Katsumura Y,

Mozumder A (eds) Charged Particle and Photon Interactions with Matter, 1st edn. CRC Press, Boca

Raton, pp 425–444

7. Mincher BJ, Modolo G, Mezyk SP (2010) Review: the effects of radiation chemistry on solven

extraction 4: separation of the trivalent actinides and considerations for radiation-resistant solvent

systems. Solv Extr Ion Exchange 28:415–436

8. Mincher BJ, Modolo G, Mezyk SP (2009) Review article: the effects of radiation chemistry on

solbvent extraction 3: a review of actinide and lanthanide extraction. Solv Extr Ion Exchange

27:579–606

9. Mincher BJ (2010) An overview of selected radiation chemical reactions affecting fuel cycle

solvent extraction. In: Wai C (ed.) Nuclear Energy and Environment. ACS Symposium Series:

American Chemical Society, Washington, DC, pp. 181–192

10. Miller W, Russell A, Chapman N, McKinley I, Smellie J (2000) Geological Disposal of Radioactive

Wastes and Natural Analogues. Pergamon Press, Amsterdam

11. Garrett BC, Dixon DA, Camaioni DM, Chipman DM, Johnson MA, Jonah CD, Kimmel GA, Miller

JH, Rescigno TN, Rossky PJ, Xantheas SS, Colson SD, Laufer AH, Ray D, Barbara PF, Bartels

DM, Becker KH, Bowen KH Jr, Bradforth SE, Carmichael I, Coe JV, Corrales LR, Cowin JP,

Dupuis M, Eisenthal KB, Franz JA, Gutowski MS, Jordan KD, Kay BD, LaVerne JA, Lymar SV,

Madey TE, McCurdy CW, Meisel D, Mukamel S, Nilsson AR, Orlando TM, Petrik NG, Pimblott

SM, Rustad JR, Schenter GK, Singer SJ, Tokmakoff A, Wang LS, Wettig C, Zwier TS (2005) Role

of water in electron-initiated processes and radical chemistry: issues and scientific advances. Chem

Rev 105:355–390

12. Buxton GV (2008) An overview of the radiation chemistry of liquids. In: Spotheim-Maurizot M,

Mostafavi M, Douki T, Belloni J (eds) Radiation Chemistry: From Basics to Applications in

Material and Life Sciences. EDP Sciences, France, pp 3–16

13. Elliot AJ, Bartels D (2009) The reaction set, rate constants and G values for the simulation of the

radiolysis of light water over the range 20 to 350 �C based on information available in 2008. AECL

EACL 153-127160-450-00,

14. Bartels DM, Henshaw J, Sims HE (2013) Modeling the critical hydrogen concentration in the

AECL test reactor. Radiat Phys Chem 82:16–24

15. Kanjana K, Haygarth KS, Wu W, Bartels DM (2013) Laboratory studies in search of the critical

hydrogen concentration. Radiat Phys Chem 82:25–34

Top Curr Chem (Z) (2016) 374:60

123 184 Reprinted from the journal



16. Katsumura Y, Kiuchi K, Domae M, Karasawa H, Saito N, Yotsuyanagi T (2005) Research program

on water chemistry of supercritical pressure water under radiation field. In: Nakahara M, Matu-

bayasi N, Ueno M, Watanabe K (eds) Properties of Water and Steam in Kyoto Water, Steam and

Aqueous Solutions for Electric Power: Advances in Science and Technology Kyoto. Maruzen Co.

Ltd., Tokyo

17. Katsumura Y, Sunaryo G, Hiroishi D, Ishigure K (1998) Fast neutron radiolysis of water at elevated

temperatures relevant to water chemistry. Prog Nucl Energy 32:113–121

18. Sunaryo GR, Katsumura Y, Ishigure K (1995) Radiolysis of water at elevated temperatures-III.

Simulation of radiolytic products at 25 and 250 �C under the irradiation with c-rays and fast

neutrons. Radiat Phys Chem 45:703–714

19. Bartels DM, Takahashi K, Cline JA, Marin TW, Jonah CD (2005) Pulse radiolysis of supercritical

water. 3. Spectrum and thermodynamics of the hydrated electron. J Phys Chem A 109:1299–1307

20. Wu G, Katsumura Y, Muroya Y, Li X, Terada Y (2000) Hydrated electron in subcritical and

supercritical water. A pulse radiolysis study. Chem Phys Lett 325:531–536

21. Hare PM, Price EA, Stanisky CM, Janik I, Bartels DM (2010) Solvated electron extinction coef-

ficient and oscillator strength in high temperature water. J Phys Chem A 114:1766–1775

22. Hare PM, Price EA, Bartels DM (2008) Hydrated electron extinction coefficient revisited. J Phys

Chem A 112:6800–6802

23. Wu G, Katsumura Y, Muroya Y, Li X, Terada Y (2001) Pulse radiolysis of high temperature and

supercritical water: experimental setup and e-aq observation. Radiat Phys Chem 60:395–398

24. Elliot AJ, Buxton GV (1992) Temperature dependence of the reactions OH ? O and OH ? HO2 in

water up to 200 [degree]C. J Chem Soc, Faraday Trans 88(17):2465–2470

25. Elliot AJ, McCracken DR, Buxton GV, Wood ND (1990) Estimation of rate constants for near-

diffusion-controlled reactions in water at high temperatures. J Chem Soc, Faraday Trans

86:1539–1547

26. Janik I, Bartels DM, Jonah CD (2007) Hydroxyl radical self-recombination reaction and absorption

spectrum in water up to 350 �C. J Phys Chem A 111:1835–1843

27. Wu G, Katsumura Y, Lin M, Morioka T, Muroya Y (2002) Temperature dependence of ketyl

radical in aqueous benzophenone solution up to 400 �C. A pulse radiolysis study. Phys Chem Chem

Phys 4:3980–3988

28. Wu G, Katsumura Y, Lin M, Murota T (2001) Temperature dependence of (SCN)2
�- in water at

25–400 �C. Absorption spectrum, equilibrium constant, and decay. J Phys Chem A 105:4933–4939

29. Katsumura Y, Wu G, Lin M, Muroya Y, Morioka T, Terada Y, Li X (2001) Observation of hydrated

electron, (SCN)2
�- and CO3

�- radical in high temperature and supercritical water. Res Chem Intermed

22:755–763

30. Mostafavi M, Lin M, Wu G, Katsumura Y, Muroya Y (2002) Pulse radiolysis study of absorption

spectra of Ag0 and Ag2? in water from room temperature up to 380 �C. J Phys Chem A

106:3123–3127

31. Lin M, Katsumura Y, Muroya Y, He H, Miyazaki T, Hiroshi D (2008) Pulse radiolysis of sodium

formate aqueous solution up to 400 �C: absorption spectra, kinetics and yield of carboxyl radical

CO2
�-. Radiat Phys Chem 77:1208–1212

32. Lin M, Katsumura Y, He W, Muroya Y, Wu G, Han Z, Miyazaki T, Kudo H (2005) Pulse radiolysis

of 4,40-bipyridyl aqueous solutions at elevated temperatures: spectral changes and reaction kinetics

up to 400 �C. J Phys Chem A 109:2847–2854

33. Wu G, Katsumura Y, Muroya Y, Lin M, Murota T (2002) Temperature dependence of carbonate

radical in NaHCO3 and Na2CO3 solutions: is the radical a single anion? J Phys Chem A

106:2430–2432

34. Lin M, Katsumura Y, Muroya Y, He W, Wu G, Han Z, Miyazaki T, Kudo H (2004) Pulse radiolysis

study on the estimation of radiolytic yields of water decomposition products in high-temperature

and supercritical water: use of methyl viologen as a scavenger. J Phys Chem A 108:8287–8295

35. Sims HE (2006) Yields of radiolysis products from c-irradiated supercritical water—a re-analysis

data by W. G. Burns and W.R. Marsh. Radiat Phys Chem 75:1047–1050

36. Burns WG, Marsh WR (1981) Radiation chemistry of high-temperature (300–400 �C) Water.

J Chem Soc Faraday I 72:197–215

37. Lin M, Muroya Y, Baldacchino G, Katsumura Y (2010) Radiolysis of Supercritical Water. In:

Wishart JF, Rao BSM (eds) Recent Trends in Radiation Chemsitry. World Scientific, New Jersey,

pp 255–277

Top Curr Chem (Z) (2016) 374:60

123185Reprinted from the journal



38. Sterniczuk M, Yakabuskie PA, Wren JC, Jacob JA, Bartels D (2015) Low LET radiolysis escape

yields for reducing radicals and H2 in pressurized high temperature water. Radiat Phys Chem

121:35–42

39. Shiraishi H, Katsumura Y, Hiroishi D, Ishigure K, Washio M (1988) Pulse-radiolysis study on the

yield of hydrated electron at elevated temperatures. J Phys Chem 92:3011–3017

40. Shiraishi H, Katsumura Y, Ishigure K (1989) On the yield of hydrated electron at elevated tem-

peratures. Radiat Phys Chem 34:705–710

41. Janik D, Janik I, Bartels DM (2007) Neutron and b/c radiolysis of water up to supercritical

conditions. 1. b/c Yields for H2, �H atom, and hydrated electron. J Phys Chem A 111:7777–7786

42. Elliot AJ, Chenier MP, Ouellette DC (1993) Temperature dependence of g values for H2O and D2O

irradiated with low linear energy transfer radiation. J Chem Soc Faraday Trans I 89:1193–1197

43. Christensen HC, Sehested K (1986) The hydrated electron and its reactions at high temperatures.

J Phys Chem 90:186–190

44. Marin TW, Takahashi K, Jonah CD, Cheremisov SD, Bartels DM (2007) Recombination of the

hydrated electron at high temperature and pressure in hydrogenated alkaline water. J Phys Chem A

111:11540–11551

45. Christensen H, Sehested K, Logager T (1994) Temperature dependence of the rate constant for

reactions of hydrated electrons with H, OH and H2O2. Radiat Phys Chem 43:527–531

46. Shiraishi H, Sunaryo GR, Ishigure K (1994) Temperature dependence of equilibrium and rate

constants of reactions inducing conversion between hydrated electron and atomic hydrogen. J Phys

Chem 98:5164–5173

47. Takahashi K, Bartels DM, Cline JA, Jonah CD (2002) Reaction rates of the hydrated electron with

NO2
- and NO3

- and hydronium ions as a function of temperature from125 to 380 �C. Chem Phys

Lett 357:358–364

48. Stanisky CM, Bartels DM, Takahashi K (2010) Rate constants for the reaction of hydronium ions

with hydrated electrons up to350 �C. Radiat Phys Chem 79:64–65

49. Muroya Y, Lin M, de Waele V, Hatano Y, Katsumura Y, Mostafavi M (2010) First observation of

picosecond kinetics of hydrated electrons in supercritical water. J Phys Chem Lett 1:331–335

50. Cline J, Takahashi K, Marin TW, Jonah CD, Bartels DM (2002) Pulse radiolysis of supercritical

water. 1. Reactions between hydrophobic and anionic species. J Phys Chem A 106:12260–12269

51. Marin TW, Cline JA, Takahashi K, Bartels DM, Jonah CD (2002) Pulse radiolysis of supercritical

water. 2. Reaction of nitrobenzene with hydrated electrons and hydroxyl radicals. J Phys Chem A

106:12270–12279

52. Lin CC (2009) A review of corrosion product transport and radiation field buildup in boiling water

reactors. Prog Nucl Energy 51:207–224

53. Tsaia T-L, Lina T-Z, Sua T-Y, Weia H-J, Mena L-C, Wenba T-J (2012) Identification of chemical

composition of CRUD depositing on fuel surface of a boiling water reactor (BWR-6) plant. Energy

Procedia 14:867–872

54. Kanjana K, Courtin B, MacConnell A, Bartels DM (2015) Reactions of hexa-aquo transition metal

ions with the hydrated electron up to 300 �C. J Phys Chem A 119:11094–11104

55. McCracken DR, Tsang KT, Laughton PJ (1998) Aspects of the physics and chemistry of water

radiolysis by fast neutrons and fast electrons in nuclear reactors. Report AECL-11895. AECL,

56. Christensen H, Sehested K (1983) Reaction of hydroxyl radicals with hydrogen at elevated tem-

peratures. Determination of the activation energy. J Phys Chem 87:118–120

57. Marin TW, Jonah CD, Bartels D (2003) Reaction of OH radicals with H2 in sub-critical water.

Chem Phys Lett 371:144–149

58. Janik I, Bartels DM, Marin TW, Jonah CD (2007) Reaction of O2 with the hydrogen atom in water

up to 350 �C. J Phys Chem A 111:79–88

59. Christensen H, Sehested K, Corfitzen H (1982) Reactions of hydroxyl radicals with hydrogen

peroxide at ambient and elevated temperatures. J Phys Chem 86:1588–1590

60. Buxton GV, Elliot AJ (1993) Temperature dependence of the rate constant for the reaction H ? OH

in liquid water up to 200 �C. J Chem Soc, Faraday Trans 89:485–488

61. Lundström T, Christensen H, Sehested K (2002) The reaction of �OH with H� at elevated temper-

atures. Radiat Phys Chem 64:29–33

62. Lundström T, Christensen H, Sehested K (2004) reactions of HO2 radical with OH, H, Fe2? and

Cu2? at elevated temperatures. Radiat Phys Chem 69:211–216

63. Marin TW, Jonah CD, Bartels DM (2005) Reaction of hydrogen atoms with hydroxide ions in high-

temperature and high-pressure water. J Phys Chem A 109:1843–1848

Top Curr Chem (Z) (2016) 374:60

123 186 Reprinted from the journal
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Abstract A general trend in the oil industry is a decrease in the proven reserves of

light crude oils so that any increase in future oil exploration is associated with high-

viscous sulfuric oils and bitumen. Although the world reserves of heavy oil are much

greater than those of sweet light oils, their exploration at present is less than 12 % of

the total oil recovery. One of the main constraints is very high expenses for the

existing technologies of heavy oil recovery, upgrading, transportation, and refining.

Heavy oil processing by conventional methods is difficult and requires high power

inputs and capital investments. Effective and economic processing of high viscous oil

and oil residues needs not only improvements of the existing methods, such as

thermal, catalytic and hydro-cracking, but the development of new technological

approaches for upgrading and refining of any type of problem oil feedstock. One of

the perspective approaches to this problem is the application of ionizing irradiation for

high-viscous oil processing. Radiation methods for upgrading and refining high-vis-

cous crude oils and petroleum products in a wide temperature range, oil desulfur-

ization, radiation technology for refining used oil products, and a perspective method

for gasoline radiation isomerization are discussed in this paper. The advantages of

radiation technology are simple configuration of radiation facilities, low capital and

operational costs, processing at lowered temperatures and nearly atmospheric pressure

without the use of any catalysts, high production rates, relatively low energy con-

sumption, and flexibility to the type of oil feedstock.
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1 Introduction

In the beginning of the 1960s, the phenomenon of radiation-thermal cracking (RTC)

was discovered and described by L. S. Polak, A. V. Topchiev, R. P. Lavrovskiy and

other researchers [1–3]. These studies revealed the basic mechanisms of radiation-

induced chemical reactions in hydrocarbons and specific features of chain RTC

reactions in particular. These early studies were the first evidence of the high-rate

radiation-induced chemical conversion in hydrocarbons under the combined action

of radiation and heat. The discovery of RTC was of a great practical importance

because only chain reactions could provide sufficiently high rates of oil refining

processes at industrial scales.

After this discovery, different aspects of ionizing irradiation applications for oil

feedstock processing were the subjects of scientific and technological studies.

Before the beginning of the 1990s, these works, with a few exceptions [4–6], were

limited with the study of radiation-induced decomposition of model hydrocarbons

and light oil fractions. The advantages of radiation technologies became more

obvious when they were applied to processing of heavy and highly paraffinic oils,

bitumen, wastes of oil extraction, and heavy oil residua. Processing of these types of

feedstock by conventional methods is not sufficiently economic and faces

considerable technological difficulties. For this reason, chemical and physical

aspects of heavy oil radiation processing are of a special technological interest [7,

8].

The systematic experiments on heavy oil radiation processing were started in the

early 1990s [9–16]. These studies have shown that radiation-chemical conversion in

such complicated hydrocarbon systems had essential distinctions both from that in

thermal cracking and RTC of light oils. As distinct from light oils, self-sustaining

chemical reactions in heavy hydrocarbon feedstock are characteristic for strong

synergetic effects attributed to radiation energy redistribution between the original

components of a complex hydrocarbon system and a number of intermediate

products. These phenomena promote side reactions of the non-destructive nature

and strongly affect the rate of feedstock conversion and final product composition

[10, 14].

The most important phenomena observed and studied in the experiments with the

problem types of high-paraffin and heavy oils are radiation-enhanced isomerization

and radiation-induced polymerization in RTC conditions. Determination of the

conditions and evaluation of the intensity of these effects are important for

obtaining high yields of light products of oil radiation processing and their quality

control. Further investigations [17–20] have shown that the phenomenon of

radiation-enhanced isomerization can be effectively used for the increase in gasoline

octane numbers using heavy oil residua as stimulators of low-temperature

Top Curr Chem (Z) (2016) 374:34

123 196 Reprinted from the journal



isomerization. Radiation-enhanced isomerization of hydrocarbons was not widely

covered in the literature and this review provides its more detailed description.

New prospects in the development of radiation technologies for oil upgrading and

refining were opened with the discovery of low-temperature radiation cracking of

hydrocarbons [21–24]. Studies of this phenomenon revealed the mechanisms of

radiation cracking in a wide temperature range including the roles of the dose rate of

ionizing irradiation, the cage mechanism of correlated radical recombination, and

isomerization processes in these reactions.

The studies of low-temperature radiation cracking initiated development of the

PetroBeam technology for upgrading and refining of high-viscous petroleum

feedstock [25]. This technology combines advantages of RTC with the opportunity

of feedstock processing at temperatures lower than 150 �C.

2 Methods for Petroleum Processing Based on Radiation-Thermal
Cracking

2.1 Fundamentals

Radiation-thermal cracking (RTC) is a chain reaction of hydrocarbon molecule

decomposition that differs from the classic thermal cracking (TC) mainly by the

mechanism of cracking initiation. In the case of radical mechanism of thermal

cracking, the initiation stage of the reaction (generation of a sufficient concentration

of chain carriers) requires a high activation energy (about 340 kJ/mol). For the

purpose of this article, the term ‘‘chain carriers’’ is defined as any radical species,

such as hydrogen atoms or light alkyl radicals, capable of chain reaction

propagation. Therefore, a noticeable rate of hydrocarbon thermal cracking is

possible only at relatively high temperatures, for example, 500–600 �C for heptane.

The chain propagation stage (decomposition of hydrocarbon molecules due to their

interaction with free radicals and formation of new chain carriers) requires much

lower activation energy (about 85 kJ/mol).

Application of RTC minimizes energy consumption for the initiation of the chain

cracking reaction. In the case of thermal cracking (TC), both chain initiation and

propagation are thermally activated processes. In the case of RTC, the first stage is

radiation-initiated: chain carriers are generated by radiation. Radiation initiation of

the chain reaction does not depend on temperature; the rate of radical generation

depends only on the dose rate of ionizing irradiation. Conventional sources of

radiation, such as electron accelerators and isotope gamma sources, provide

generation of radicals in concentrations sufficient for the initiation of the chain

reaction in hydrocarbons.

It is usually supposed that the stage of RTC propagation still remains thermally

activated and heightened temperatures in the range of 350–420 �C are still required

for propagation of the chain reaction of hydrocarbon cracking [1–4]. Generally, this

statement is valid for relatively low values of the irradiation dose rates when

radiation contribution to generation of species responsible for chain propagation is

negligibly small. In early works on RTC of hydrocarbons, contribution of radiation
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to the chain propagation was not considered because of the very short lifetime of the

radiation-excited molecules (about 10-15 s). However, the analysis of the dose

dependence of the product yields after RTC of hydrocarbons [19, 22] has revealed

availability of the radiation component in chain propagation whose relative fraction

increases as the dose rate increases. Moreover, the radiation component of chain

propagation can be comparable with the thermal one even at moderate dose rates.

Availability of the noticeable radiation contribution to propagation of the RTC

chain reaction required clarification of the nature of the long-living unstable molec-

ular states generated by radiation and able to interact with the radical chain carriers.

In papers [18, 19], it was shown that such unstable states can be represented by the

radical pairs bound in a cage. This conclusion was confirmed by the data of low-

temperature hydrocarbon cracking and by demonstration of a special role of

correlated radical recombination in the first-order reactions in thermal cracking

termination at low temperatures [19].

Generally, the initial rate of the RTC chain reaction by the radical mechanism is

determined by equation [19]

W ðRTCÞ ¼
m� 1

m
Rkp ðe�Ep=kT þ CuÞ; m[ 1

0; m� 1
ð1Þ

where R is dimensionless concentration of radical chain carriers, kp is reaction rate

constant and Ep is activation energy for chain propagation, m is chain length (the

ratio of the chain reaction propagation rate to the termination rate), and Cu is

dimensionless concentration of radiation-generated unstable molecular states

responsible for chain propagation:

Cu ¼ G � Ps ð2Þ

In Eq. (2), G� is radiation-chemical yield (G value), s is lifetime of the radiation-

generated unstable states, and P is dose rate of ionizing irradiation.

In dynamic equilibrium,

R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

GRPþ ki e�Ei=kT

kt2

s

ð3Þ

Here, GR is radiation-chemical yield of free radicals, ki is reaction rate constant

and Ei is activation energy for chain initiation, and kt2 is rate of radical

recombination in the second order reactions.

At m[[ 1, Eq. (1) takes a form

W ðRTCÞ ¼ kp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

GRPþ ki e�Ei=kT

kt2

s

e�Ep=kT þ G � Ps
� �

ð4Þ

It follows from Eq. (4) that the rate of RTC increases as temperature and

irradiation dose rate increase. In the temperature range characteristic for RTC, the

rate of cracking initiation by radiation is much higher than the rate of thermal
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initiation even at relatively low dose rates. The ratio of the RTC and TC cracking

rates can be written as follows:

W ðRTCÞ

W ðTCÞ ¼ 1þ
ffiffiffiffiffiffi

GR

ki

r

eEi=2kT
ffiffiffi

P
p� �

1þ G � PseEp=kT
� �

ð5Þ

The ratios of the RTC and TC chain initiation and propagation rates are

correspondingly

W
ðRTCÞ
i

W
ðTCÞ
i

¼ GRP

ki
eEi=kT ð6Þ

W
ðRTCÞ
p

W
ðTCÞ
p

¼ G � Ps eEp=kT ð7Þ

The analysis of experimental data in studies [18, 19, 22] has shown that the

lifetime s may vary in a wide range depending on the type of a hydrocarbon system,

its temperature, and structure state.

In particular, using the values of the reaction parameters characteristic for

hydrocarbons Ei = 340 kJ/mol, Ep = 85 kJ/mol, G� = GR = 5 radicals/100 eV)

and assuming that RTC rate, W(RTC), is equal to 0.4 s-1 at the dose rate of 4 kGy/s,

the lifetime of radiation-generated unstable molecular states can be estimated from

Eq. (4) as s � 10-4 s. The dependences of ratios of RTC and TC initiation,

propagation rates, and total initial reaction rates on temperature and dose rate of

ionizing irradiation calculated using these reaction constants are shown in Fig. 1.

Figure 1 shows that the rate of radiation cracking initiation is much higher than

the rate of thermal initiation in the whole temperature range considered here. At the
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same time, radiation contribution to chain propagation increases as cracking

temperature decreases and irradiation dose increases. At sufficiently high irradiation

doses, the radiation component of the chain propagation may exceed the thermal

one.

The behavior described above can be observed only in the case of a chain length

that is long enough ( m[[1). As temperature decreases, and approaches the critical

temperature of the cracking start, the chain length tends to the unit and the cracking

rate falls to zero.

In the general case, the expression for the RTC chain length can be written in the

form [19]

m ¼
2kp
kt1

ðe�Ep=kT þ G � PsÞ

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4 kt2
k2
t1

ðkie�Ei=kT þ GPÞ
q ð8Þ

where kt1 is rate of radical recombination in cages in the first-order reactions.

In the case of thermal cracking, dose rate P in Eq. (8) is equal to zero. Below the

critical temperature T
ðTCÞ
c determined by equation [19]

TðTCÞ
c ¼ Ep

k ln
kp
kt1

ð9Þ

thermal cracking is impossible. Nevertheless, availability of a member in Eq. (8)

responsible for radiation contribution chain propagation at temperatures T � T
ðTCÞ
c

indicates the possibility of chain cracking reactions at T � T
ðTCÞ
c (low-temperature

radiation cracking, or PetroBeam process [18, 19, 22–24]). Chain reactions of

hydrocarbon cracking under ionizing irradiation at temperatures above T
ðTCÞ
c should

be related to radiation-thermal cracking. The RTC reactions are characteristic for

considerable, often determinative, contribution of the thermal component to the

chain propagation.

Radical reactions making considerable contribution to RTC of liquid hydrocar-

bons are mainly of the same type as TC reactions [26]:

R þ R ! RH � recombination

R þ R ! OL þ RH � disproportionation

R ! R1 þ OL � dissociation

R þ RH ! R2 þ RH � molecule decomposition

ð10Þ

where R is radical, H is hydrogen atom, and RH is the hydrocarbon molecule.

The cracking rate and the maximal yield and stability of radiation cracking

products strongly depend on the competing reactions of radiation-induced

polymerization [14, 19, 27]:

Rþ OL ! polymerization ð11Þ

where OL is olefin molecule.
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This set of reactions should be supplemented with the reaction of isomerization

that plays an especially important role in the radiation cracking of heavy oils with

the high contents of aromatic compounds [11, 18, 19]:

R
0
isomerized radicalð Þ þ R ! isomer ð12Þ

Despite a formal similarity of the basic RTC and TC reactions, there are

substantial differences between them. The same reactions can be caused by the

action of radiation or heating but the probabilities of such reactions and their rates

are different in radiation and thermal conditions. The specific conditions of the basic

RTC reactions give rise to the side effects and reactions characteristic for RTC.

Different mechanisms of cracking initiation and propagation in TC and RTC

result not only in different reaction rates but also in different hydrocarbon and

hydrocarbon group contents of the cracking products. For example, higher

concentrations of isoparaffins and higher octane numbers of the RTC gasoline

compared with the gasoline of thermal and thermocatalytic cracking are the result of

radiation-induced isomerization of alkanes. This difference becomes especially

pronounced in the case of high-viscous (heavy and high-paraffinic) oils. Fractional

contents of the overall products obtained by RTC of heavy fuel oil are compared in

Fig. 2. In the case of RTC, the contents of commodity products are considerably

higher.

Thus, RTC cannot be reduced to intensification of thermal reactions. Moreover,

there are radiation-induced reactions that accompany RTC but cannot proceed in TC

conditions. In particular, it relates to the reactions of radiation-enhanced

isomerization.

2.2 Heavy Oil Upgrading and Refining

The technology for heavy oil and oil residua radiation processing based on RTC

[29] allowed expanding the raw material base for production of motor fuels by

involvement of oil fractions with Tb[ 450 �C into radiation processing with the

Fig. 2 Fractional contents of products obtained by TC and RTC of fuel oil (according to data [28])
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increased yield and improved quality together with the reduction of energy

consumption compared with the conventional thermal cracking.

Radiation-thermal processing of heavy oils and petroleum products is performed

at nearly atmospheric pressure in the temperature range of 370–410 �C. In the

optimal process conditions, the yields of motor fuels make up to 80 mass%,

including up to 20 mass% gasoline and 60 mass% diesel fuel. The byproducts are

heavy coking residue (up to 10 mass%) and gases (up to 10 mass%) containing

hydrogen, methane, ethylene, and other light hydrocarbon gases.

Potential application of RTC facilities for upgrading and refining crude oils and

bitumen provides such advantages as simple configurations of the plants, their

flexibility to the type of feedstock processed, much smaller land sizes compared

with those in conventional technologies, absence of catalysts and low capital and

operational expenses [8, 9]. Application of RTC to heavy fuel oil and bitumen [23,

30] is illustrated in Figs. 3 and 4.

RTC-based radiation methods developed up to date can be used in different fields

of oil industry for upgrading and refining crude oils and oil products.

2.3 Cleaning and Refining of Used Oil Products

Application of radiation methods is a promising approach to solution of an acute

problem of environment pollution by used oil products [13, 19, 33, 34]. Unlike the

methods for oil radiation cracking, cleaning and refining of used oil products do not

need a high degree of oil conversion. The most effective are the process conditions

that provide the combination of a rather low degree of oil decomposition with an

intense olefin polymerization.

In a series of experiments, it was observed that a reactive heavy residue formed

as a result of oil radiation-induced polymerization that was remarkable for high

absorption ability [14]. In the technology for used oil radiation treatment, a small

amount of the polymerizing deposit effectively absorbs mechanical and other
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Fig. 3 Fractional contents of the liquid product obtained from fuel oil (10� API) using different
processes. RTC radiation-thermal cracking at 390 �C [23]. TC thermal cracking in lab conditions at
480 �C [31]. TCC thermocatalytic cracking in lab conditions at 450 �C (catalyst based on iron oxides)
[31]
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contaminants. It can be compared to an approach used in the well-known

technology for sewage water purification in polymer industry. In this method, the

monomer residua are polymerized in the water phase by radiation initiation. The

insoluble polymer deposit is used as a contaminant absorbent. In the case of sewage

water that does not contain polymerizing monomers, small amounts of monomers

easily polymerizing under ionizing irradiation are specially added. The polymer

deposit formed as a result of radiation processing absorbs water contaminants [35].

Used oil products, such as used lubricants and contaminated diesel fuel, are

processed with moderate irradiation doses and dose rates at temperatures in the

range of 340–380 �C, which is somewhat lower than the temperatures necessary for

the start of an intense RTC reaction. The main products of the process are purified

basic lubricants and diesel fuel. The total yield of the target products makes

94–96 mass% including the lubricant yield up to 50 %, depending on the original

oil composition.

An important application of radiation technology for the environment protection,

already implemented in the industrial scale, is the electron beam gas treatment [36,

37] that provides flue gas purification after heavy oil combustion.

2.4 Radiation Methods for Oil Demercaptanization and Desulfurization

Application of radiation methods allows obtaining a high degree of sulfur

conversion in the petroleum feedstock. The methods developed by now are mainly

based on the reactions of radiation-induced oxidation. In particular, contacting the

product of oil radiation processing with the reactive ozone-containing air allows

combination of radiation-thermal cracking with the intense sulfur oxidation (Fig. 5).

It leads to formation of the high-molecular sulfur compounds, such as sulfoxides,

sulfones and sulfonic acids accumulated in the heavy residue. Strong oxidation of

the sulfur species does away with their chemical aggressiveness and causes sulfur

redistribution in the overall product leading to partial desulfurization of light

Fig. 4 Fractional contents of the liquid product obtained from bitumen by radiation processing (RTC)
and thermocatalytic cracking. RTC radiation-thermal cracking [23]. TCC thermocatalytic cracking [32]
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fractions. The oxidized high-molecular species can be much easier removed from

the heavy residue by conventional methods using such extracting agents as water

solutions of sulfuric acid or acetone, ethylene glycol, or monoethyl alcohol.

A method for oil desulfurization proposed in the studies [12, 15, 19, 38] includes

two stages. At the first stage, oil is subjected to radiation processing. At this stage,

radiation-induced oxidation of sulfur compounds and sulfur redistribution in the

overall product lead to considerable desulfurization of the light fractions. The next

stage is a standard procedure for the extraction of the deeply oxidized sulfur

compounds. A high degree of sulfur oxidation results from the double stimulation of

the oxidation processes by oil radiation activation and radiolysis of the atmospheric

air.

A high degree of gasoline desulfurization was demonstrated in the experiments

on electron irradiation of heavy crude oil and fuel oil with the total sulfur content of

2 mass% [12, 15]. After RTC, the sulfur content in the gasoline fraction was 40

times lower than that in the original feedstock. In the cases when considerable

conversion of an oil product is undesirable and the only purpose of its processing is

desulfurization, oil irradiation can be performed in ‘‘mild’’ conditions providing

minimal losses of the original product.

Radiation processing of high sulfuric oil with sulfur contents of 3 mass% and

higher becomes more difficult, especially in the cases when feedstock contains high

concentrations of dissolved hydrogen sulfide together with mercaptans. To provide

considerable sulfur conversion in these cases, the feedstock was subjected to

bubbling with ionized ozone-containing air in the field of X-ray irradiation with the

subsequent irradiation by high-energy electrons [15]. The efficiency of ionized air

application in oil radiation processing was demonstrated in a series of studies [12,

15, 39]. Together with ozone, the radiation-excited air comprises monoatomic

oxygen, excited oxygen molecules, and various oxygen-containing complexes.

Many components of this mixture are strong oxidizers themselves and some of them

are stronger than ozone. In the tests [12, 15], no special devices for conversion

electron to bremsstrahlung X-ray radiation were used. Both bremsstrahlung

0

20

40

60

80

100

0 1 2 3 4
D, kGy

m
er

ca
pt

an
 c

on
ve

rs
io

n,
 %

heavy oil

heavy residua

Fig. 5 Dependence of mercaptan conversion on the dose of electron irradiation for high-viscous crude
oil and heavy oil residue (according to data [12])
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irradiation and formation of ionized air were the side effects of the electron

accelerator operation and their applications did not require any additional expenses.

As a result of such radiation processing of high-sulfuric oils, sulfur partially

concentrated in the heavy residue in the form of the oxidized high-molecular species

while another part of sulfur passed to the gaseous phase in the form of hydrogen

sulfide. The experiments have shown a high efficiency of radiation processing for

conversion of both disulfide and thiophene sulfur, which can be hardly removed by

conventional methods [19].

Generally, the treatment of high-sulfuric oil and oil products with ionized ozone-

containing air provides deep oxidation of sulfur compounds and improves the

product fractional contents. The low cost of the ionized air as a by-product of the

accelerator operation makes this type of processing highly economic.

Different approaches to oil desulfurization using electron and gamma irradiation

were developed in studies [40–45].

3 Low-Temperature Radiation Cracking

In the extreme case of low temperatures, Eq. (8) for the cracking chain length, takes

a form [19]:

m ¼
2kp
kt1

G � Ps

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4 kt2
k2
t1

GP
q ð13Þ

where s � 1
kt1
.

The temperature of the cracking start is determined by equation:

Tc ¼
Ep

k ln
2 kp=kt1

1�2
kp

k2
kt1

G�Pþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ4 kt2

k2
t1

GP

q

ð14Þ

It can be seen from Eq. (14) that Tc ! 0 as P ! Pc, where the critical dose rate

Pc can be found from equation

1� 2
kp

k2t1ðTcÞ
G � Pc þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4kt2

k2t1ðTcÞ
GPc

s

¼ 0

At the dose rates P�Pc, chain cracking reaction can proceed at any temperature

T � Tc. This condition (the rate of chain continuation is greater than the rate of its

termination) can be written in the form of inequality [19]:

P[Pc �
k2t1ðTcÞ
kpG�

: ð15Þ

According to Eq. (15), dependence of Pc on temperature is determined by the

temperature dependence of radical recombination rate in cages, kt1.

Top Curr Chem (Z) (2016) 374:34

123205Reprinted from the journal



Evaluation of the recombination constant kt1 is equivalent to determination of the

radical lifetime in a cage formed by other hydrocarbon molecules. To get out of the

cage, a radical should surmount a potential barrier. The radicals that surmounted the

barrier and went out of the cage enter recombination with other free radicals in the

second-order reactions. In the dynamic equilibrium, the frequency of radical exits

from the cages should be equal to the frequency of their recombination in the

second-order reactions:

D

x2
c � R ¼ kt2 Pexit c � R;

or

x2 ¼ D

kt2Pexit

ð16Þ

In Eq. (16), c* is concentration of radicals recombining in cages in the first-order

reactions; R is bulk concentration of free radicals, D is diffusion coefficient, x is the

cage size, and Pexit is probability of radical exit from a cage.

Using the Frenkel equation,

D ¼ a
2kT

d g
ð17Þ

expression (16) can be reduced to the form:

x2 ¼ a
2kT

dg kt2Pexit

: ð18Þ

In Eqs. (17) and (18), g is dynamic viscosity and d is length of a diffusion jump.

Coefficient a[ 1 is introduced into expression (17) to take into account that the

diffusing specie is usually a hydrogen atom or a light radical that has a higher

diffusion coefficient than a heavier hydrocarbon radical.

The probability of a radical exit from the cage can be determined as a ratio of the

rate of the radical exit from a cage to the total rate of radical intracellular

recombination and their exit from the cage:

Pexit ¼
D
x2

D
x2
þ kt2

d
x

¼ D

Dþ kt2 dx
ð19Þ

The cage size can be found by substitution of Eq. (19) into formula (16):

x ¼ d
2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4D

kt2 d
2

s
 !

ð20Þ

At very low temperatures when d2 kt2 [ [ 4D, the cage size tends to the length

of a diffusion jump (x ! d). At relatively high temperatures (T[ 70 �C), d2kt2[[
4D and the expression for the cage size can be written in the form:
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x �
ffiffiffiffiffiffi

D

kt2

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffi

2akT
g d kt2

s

ð21Þ

Recombination of a radical pair is a first-order reaction at the macroscopic scale.

At the same time, it can be considered a second-order reaction in the single cage

scale:

kt1bcR ¼ kt2 n c
2
R; ð22Þ

where n is number of radical diffusion jumps before its exit from the cage; cR is

concentration of mobile radicals in the cage:

cR � d3

x3
: ð23Þ

Coefficient b[ 1 takes into account that the volume of a radical pair can be

much larger than that of a mobile species.

Number n can be evaluated considering the light radical motion as diffusion with

an equal jump probability in each direction. From the random motion theory [46], it

is known that the probability for a particle to pass to the distance x after n jumps is

determined by equation

w ¼ 3x2

2pn d2

� �3=2

exp � 3x2

2nd2

� �

: ð24Þ

where d is average path of a single jump.

The probability that the particle will remain within a zone of radius x0 is shown in

Fig. 6, where X ¼ x0
d
ffiffi

n
p .

The cage size can be defined as a distance x0 where radical residence within a

zone of radius x0 and its exit out of the zone are equally probable, i.e., Wx ¼ 0:5.
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Fig. 6 Probability of molecular fragment residence, Wx, in a sphere of dimensionless radius X after
n diffusion jumps
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Figure 5 shows that this condition is satisfied at X � 2:5. It corresponds to the

number of diffusion jumps

n � 0:16
x2

d2
ð25Þ

Substitution of expressions (23) and (25) into Eq. (22) yields

kt1 ¼
0:16

b
d
x
kt2 ð26Þ

Using Eq. (21) for the cage size, the following expressions can be obtained:

kt1 ¼ Bk
3=2
t2 D¼1=2; B ¼ 0:16

b
\1 ð27Þ

kt1 ¼ Aðdkt2Þ3=2
g

2kT

� �1=2

; A ¼ 0:16

b
ffiffiffi

a
p \1 ð28Þ

Evaluation of the recombination rate constant kt1 and the cage size x in bitumen

is given below.

Figure 7 shows temperature dependence of the cage size calculated using

formula (21). For the selected set of parameters, the cage size makes 5 9 10-8 at

the temperature of cracking start, Tc = 550 R. This is close to the cage size estimate

by Brodskiy et al. [3].

Recombination rate constant kt1 was determined from Eq. (28) using the data on

bitumen viscosity [19]. The results are compared with kt1 values determined from

Eq. (15) and experimental temperature dependence of the minimal dose rate, Pc,

required for the start of low-temperature cracking reaction [19]. This dependence

based on the experimental data on radiation cracking of heavy oil feedstock at low

temperatures is plotted in Fig. 8.

Temperature dependence of the calculated recombination rate constant kt1 shown

in Fig. 9 is in a good agreement with experimental data on the critical dose rate of

0
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Fig. 7 Temperature dependence of the cage size. 1 Calculated using Eq. (20) (d = 10-9 m,
ffiffiffi

a
p

= 32), 2
calculated using Eq. (21) (E = 33.6 kJ/mol, D0 = 2.6 9 10-10 m2/s, b = 25)
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the radiation cracking start. These data are also in a satisfactory agreement with the

calculations using Eq. (29) at the appropriate values of the diffusion activation

energy and pre-exponential factor:

D ¼ Do e
�E=kT ð29Þ

The alternate calculations shown in Fig. 9 show the same tendency of a

considerable increase in the minimal irradiation dose rate needed for the start of the

chain cracking reaction in heavy oils and bitumen as reaction temperature decreases.

This simple analytical model can be used for estimation of the conditions of low-

temperature radiation cracking in heavy oil feedstock. It should be noted that

temperature dependence and absolute values of the recombination rate constant kt1,

as well as critical dose rate of the cracking start Pc, strongly depend on the feedstock

type, its fractional, hydrocarbon contents and structure state. In super-heavy
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Fig. 8 Temperature dependence of critical dose rate of ionizing irradiation needed for cracking start (at
the dose rate equal to Pc, radiation cracking can proceed at any temperatures higher than Tc)
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Fig. 9 Temperature dependence of radical recombination rate in cages. 1 calculated using Eq. (28)
(E = 33.6 kJ/mol, D0 = 2.6 9 10-10 m2/s, b = 250), 2 calculated using Eq. (27) (A = 2 9 10-5), 3
recombination rate constant determined from Eq. (15) using the data on critical dose rate of low-
temperature radiation cracking

Top Curr Chem (Z) (2016) 374:34

123209Reprinted from the journal



petroleum oils and bitumen, Pc may exceed 20 kGy/s even at temperatures of

120–150 �C [19].

At lowered temperatures, expression (5) for the cracking rate can be reduced to

the form

W ðRTCÞ ¼ kp

ffiffiffiffiffiffiffiffiffi

GRP

kt2

r

G � P s ð30Þ

where the lifetime of radiation-generated radical pairs, s, is a function of

temperature.

Dependence of the initial cracking rate on temperature and dose rate of ionizing

irradiation is plotted in Fig. 10. It should be noted that the maximal yields of light

products of both RTC and low-temperature radiation cracking depend not only on

the initial cracking rate but also on the cracking kinetics complicated by radiation-

enhanced polymerization and absorption of the light products by the reactive heavy

residue [19, 27]. As a result of these competing reactions, the cracking rate

decreases as the irradiation dose increases. In the case of extra-viscous oils, a

maximum may appear in the dose-rate dependences of light product yields at

practically reasonable irradiation doses [27]. A dose dependence of the light fraction

yields [27] typical for low-temperature cracking of high-viscous oils is shown in

Fig. 11.

The technology of low-temperature radiation cracking (PetroBeam process)

applicable to any type of high-viscous petroleum feedstock was developed in the

studies [21–25]. The tests have shown its high efficiency for processing heavy and

high paraffinic oils and natural bitumen. Figure 12 shows the fractional contents of

the product obtained in flow conditions of PetroBeam process at a temperature of

35 �C and electron irradiation dose rate of 10 kGy/s. Conversion of the heavy oil
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Fig. 10 Dependence of the initial rate of low-temperature radiation cracking on temperature and dose
rate of ionizing irradiation
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residue and yields of light fractions in PetroBeam process at such low temperature

are close to those characteristic for radiation-thermal cracking at 400 �C. As a result
of radiation processing, the product viscosity decreased by 87 % compared with the

feedstock viscosity.

Figure 13 illustrates the results of PetroBeam processing of high-paraffin oil

having a pour point of 60 �C. Due to very strong radiation-induced polymerization

at heightened temperatures, conversion of this sort of oil by means of RTC is very

difficult. Application of the PetroBeam process provides an effective solution of this

problem. As a result of electron-beam processing of oil in flow conditions at a

temperature of 60 �C, its fractional content was considerably improved and the pour

point dropped to -20 �C.
There are many good reviews of the preferable applications of electron

accelerators and isotope gamma sources in the different fields of industry [47, 48]

but they usually do not cover technologies, such as low-temperature cracking of
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Fig. 11 Yields of light fractions boiling out below 450 �C after low-temperature radiation cracking of
heavy crude oil versus the dose of electron irradiation (according to data [27]): 1 P = 40 kGy/s,
T = 120C; 2 P = 80 kGy/s, T = 120 �C

Fig. 12 Fractional contents of heavy crude oil after PetroBeam processing (according to data [24])
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hydrocarbon cracking, where the dose rate of ionizing irradiation is an essential

operational parameter and the process rate directly depends on the dose rate.

Realization of cold hydrocarbon cracking requires application of high dose rates that

cannot be reached when using gamma-irradiation sources. For this reason, electron

irradiation is more appropriate for this type of oil processing. Modern electron

accelerators provide dose rates of tens and hundreds of kGy per second, which is

sufficient for intense reactions of cold cracking of hydrocarbons.

PetroBeam process is characteristic for low capital and operational costs together

with the highest energy saving compared with any thermal or thermocatalytic

cracking processes. The technology can be applied both to heavy residue processing

in refinery operations and upgrading of high-viscous oils near the sites of their

extraction.

4 Radiation-Enhanced Isomerization of Hydrocarbon Systems

Isomerization technologies pertain to the most economical methods for production

of high-octane gasoline components with improved environmental properties. The

demand for isomerization plants considerably increased with the very rigorous

requirements to ecological properties of motor fuels including their fractional

contents and restrictions on concentrations of aromatics and benzene, in particular.

Radiation-enhanced isomerization of light petroleum fractions has substantial

advantages over the methods of catalytic isomerization widely spread today. These

advantages include the absence of thermodynamic limitations on the reaction rate at

lowered temperatures, high production rate, and realization of the process at

atmospheric pressure and room temperature using only natural process stimulators,

such as heavy residua of oil processing.

On the other hand, a special choice of the process modes allows combination of

radiation cracking of heavy oils with the intense alkane isomerization without using

any catalysts. Thus, application of radiation processing provides not only higher

yields of gasoline fractions but also a considerable increase in their octane numbers

due to radiation-enhanced isomerization of hydrocarbons.

Fig. 13 Fractional contents of high-paraffin crude oil and product of its PetroBeam processing at 60 �C
(according to data [24]). LGO light gas oil, HGO heavy gas oil
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4.1 Radiation-Enhanced Isomerization in the Process of Radiation-
Thermal Cracking

The phenomenon of strong radiation-enhanced isomerization was first observed in

the studies of RTC of heavy crude oil from Karazhanbas field (Kazakhstan) [11]. In

these experiments, oil was irradiated by 2-Mev electrons from a linear electron

accelerator ELU-4. The time-averaged dose rate of electron irradiation was varied in

the range of 0.5–1.5 kGy/s. The effect of radiation-enhanced isomerization was

especially pronounced owing to the availability of heavy aromatic compounds in

this type of oil. In the case of RTC of heavy Karazhanbas oil, the isomer yields were

an order of magnitude higher than those earlier observed in the processes of low-

temperature radiolysis and RTC of light hydrocarbons [1–6]. At a temperature of

375 �C, the yields of isoalkanes were comparable with those observed in

thermocatalytic process at temperatures above 600 �C.
Unusually high iso-paraffin yields in the RTC modes characteristic for relatively

low temperatures and dose rates were explained by the effects of radiation energy

transfer from paraffin to aromatic components of the hydrocarbon system. Transfer

of the excess radiation energy to an alkyl radical in the excited paraffin composition

assists its disintegration and impedes intromolecular isomerization. On the contrary,

the addition of heavy aromatics allows combination of rather high dose rates and

temperatures with favorable conditions for isomerization. Aromatic compounds,

known for their high radiation resistance, can absorb the excess energy of a

considerable part of radiation-generated radicals. As a result, many alkyl radicals

may have enough time to stabilize their electron structure and to form isomers

before their disintegration or recombination.

The phenomenon of radiation-enhanced isomerization of hydrocarbons in the

RTC process and interpretation of this effect were confirmed in the experiments on

radiation processing of bitumen characteristic for still higher concentrations of

heavy aromatics and, therefore, still more pronounced isomerization effects [16, 19,

20, 24].

The hydrocarbon group content of the gasoline fraction distilled from the liquid

product obtained by RTC of bitumen from Mortuk field (Kazakhstan) [16] is shown

in Fig. 14. It shows that the contents of RTC gasoline considerably differ from those

obtained by the thermocatalytic method.

Concentration of iso-paraffins after RTC is almost twice lower than n-paraffin

concentration while in the case of RTC it is almost twice higher than both n-paraffin

concentration in the RTC gasoline and iso-paraffin concentration in the TCC

product. Gasoline octane numbers are correspondingly higher in the RTC gasoline.

The experimental data on iso-paraffin concentrations in the gasoline fraction of

the liquid product obtained by radiation processing of bitumen and high viscous oil

were summarized in study [49]. The most part of iso-alkanes was found in the

gasoline fraction of the liquid RTC product. The maximal iso-alkane yields were

observed at the minimal dose rate and temperature sufficient for noticeable cracking

reactions. At the given dose rate and temperature, the isomer yields increased as the

feedstock density increased [19, 24, 30] (Fig. 15). A high concentration of isomers
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is direct evidence of the intense isomerizarition concomitant to radiation-thermal

cracking.

As RTC temperature decreases, a greater part of radiation-generated radicals

enter recombination in the first-order reactions [18, 19]. As a result, isomerization of

the radicals bound in cages formed by the adjacent molecules becomes the

determining isomerization mechanism. The cage effect plays the key role in

formation long-living radical pairs and therefore in the kinetics of low-temperature

cracking and low-temperature radiation isomerization. The radiation-generated

unstable complexes, such as radical pairs, responsible for propagation of the chain

cracking reaction, may break apart under a thermal action, interact with free radicals

and contribute to propagation of the chain reaction, or realign their electron

structures and enter isomerization reactions. The relation between the rates of

cracking and isomerization depends on the process temperature and the dose rate of

ionizing irradiation.
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In the case of the radical mechanism, an alkane molecule can absorb energy of

about 3.5 eV as a result of thermal or radiation activation and break into two

radicals: a reactive radical (a hydrogen atom a or a light alkyl radical) and a larger

unstable residual radical. The fate of the latter can be different. The most probable

ways for transformation of such an unstable radical formed as a result of

hydrocarbon molecule decomposition [19] are shown in Fig. 16.

The relationship between reactions 1, 2, and 3 (Fig. 16) depends on temperature

and, in the case of low-temperature radiation cracking, on the dose rate of ionizing

irradiation. Increase in temperature and/or absorbed dose rate increases probability

of reaction 1 that leads to decomposition of the large alkyl radicals and contributes

to propagation of the chain reaction. As temperature and dose rate increase, the

probability of radical stabilization by isomerization or recombination increases. The

concentration of thermally activated chain carriers considerably decreases as

temperature tends to the lower threshold for the start of the chain cracking reaction.

As a result, radical recombination in the first-order reactions becomes predominant.

4.2 Kinetics of High-Temperature Radiation Isomerization

Alkane isomerization is considered below in the conditions of radiation-thermal

cracking. In this case, normal alkanes are one of the RTC products. It will be

assumed that the rate of alkane accumulation in the gasoline fraction is equal to the

cracking rate and their maximal yield is limited by quantity C*. Then, kinetics of

paraffin accumulation in the RTC process can be approximately described by

equation

d C � �Cpar

� �

dt
¼ �K C � �Cpar

� �

ð31Þ

with the initial condition

RH

isomer
RH

R R'+

+

+RH OL

RH

OL R 2

R''

recombination

R + R'
isomerizationR'' + R'

chain propagation

1

23

disproportionation

Fig. 16 Schematic primary reactions of hydrocarbon cracking. R radicals, RH saturated hydrocarbon
molecule; OL olefin molecule
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Cpar

	

	

t¼0
¼ Cð0Þ

par ð32Þ

In Eq. (31), Cpar is total paraffin concentration in the gasoline fraction,

K ¼ KpR; ð33Þ

where R is radical concentration, Kp is the rate of RTC propagation:

Kp ¼ kp e
�Ep=kT ; ð34Þ

For the numerical estimate, it will be assumed that kp � 5� 1012 s�1,

Ep � 84 kJ/mol.

Solution of Eq. (31) with the initial condition (32) has a form

Cpar ¼ C � � C � �Cð0Þ
par

� �

e�K t ¼ C � �ðC � �Cð0Þ
parÞ e�

K
P
D ð35Þ

Obviously, the isomer concentration tends to the same limit C* as the total

paraffin concentration in the RTC process. Kinetics of iso-alkane accumulation can

be described by equation:

d C � �Cisoð Þ
dt

¼ �a C � �Cisoð Þ ð36Þ

with the initial condition

Cisojt¼0¼ C
ð0Þ
iso ð37Þ

where Ciso is iso-alkane concentration in the gasoline fraction.

The rate of radiation-induced isomerization, a, can written in the form

a ¼ k
ð0Þ
iso RPd C

n
ar

q� q0
q0

� �3=2

ð38Þ

In Eq. (38), kiso is isomerization rate constant (according to the data of low-

temperature radiation isomerization [50], k
ð0Þ
iso � 1:5� 109 s�1); Car is concentration

of heavy aromatic additive; q and q0 are densities of the aromatic additive and

paraffin environment, respectively. Probability of the excess energy transfer to the

heavier components of the system is proportional to the relative difference in

densities of the heavy aromatic additive, q, and paraffin environment, q0. Basing on

the analysis of experimental data on hydrocarbon radiolysis inhibition by different

chemical additions, it was stated [1, 2] that inhibitor capacity for energy absorption

is proportional to q3=2. As a result, a factor
q�q0
q0

� �3=2

appears in Eq. (38).

Quantity Pd is probability that a radiation-generated radical will not undergo

additional thermal activation sufficient for its decomposition during its lifetime. At

heightened temperatures, radicals recombine in the second-order reactions and their

lifetime, s, can be written as
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s ¼ R

GP
¼ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffi

GPkt2
p ð39Þ

where G is radiation-chemical yield of radicals, kt2 is rate constant of the second-

order recombination (kt2 � 109 s�1), P is irradiation dose rate.

Therefore, probability of that a radical will not disintegrate due to an additional

thermal activation can be written in a form

Pd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

GPkt2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffi

GPkt2
p

þ kd0 e�Ed=kT
ð40Þ

Solution of Eq. (36) with the initial condition (37) has a form

Ciso ¼ C � � C � �C
ð0Þ
iso

� �

e�a t ¼ C � �ðC � �C
ð0Þ
iso Þ e�

a
P
D ð41Þ

It will be assumed that only normal alkanes are formed in the RTC process but a

part of them forms isomers due to the effect of the radiation-enhanced isomeriza-

tion. Then, the degree of isomerization in the RTC process can be determined by

equation

Ciso

Cpar

¼ C � �ðC � �C
ð0Þ
iso Þ e� a t

C � �ðC � �C
ð0Þ
parÞ e�K t

ð42Þ

Conditionally assuming that C� ¼ 1, and C
ð0Þ
par ¼ C

ð0Þ
iso ¼ 0, we will obtain

Ciso � 1� e�a t ð43Þ

Cpar ¼ 1� e� K t ð44Þ

Equations (38)–(40) show that coefficient a
P
that determines the dose dependence

of isomer concentration in Eq. (41) weakly depends on dose rate. On the other hand,

coefficient K
P
in Eq. (35) determines the concentration dependence on dose rate for
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the paraffins formed in the RTC process and varies inversely as the square root of

the dose rate. Therefore, at the given irradiation dose, the cracking rate increases as

dose rate decreases but the isomerization rate practically does not change.

This behavior can be seen in the dose dependences of the total concentration of

the paraffins formed in the RTC process and isoparaffin concentrations in

conventional units calculated using Eqs. (42) and (43). In Fig. 17, these depen-

dences are represented for different temperatures and dose rates of ionizing

irradiation. The cracking rate increases as temperature increases at the given dose

rate while the isomerization rate decreases because of the increase in the probability

of radical thermal decomposition.

At the given irradiation time, the degree of isomerization strongly depends on the

correlation of the constants a and K. If a\K, then Ciso

Cpar
\1; at a�K, the full

isomerization of alkanes formed in the cracking process should be formally

observed. However, this qualitative analysis takes into account only an approximate

estimate of favorable isomerization conditions using approximate constants of

cracking and isomerization rates.

4.3 Radiation-Induced Isomerization of Gasoline

Favorable conditions for radiation-induced isomerization are lowered values of

temperature and irradiation dose rate. Therefore, a considerable isomerization effect

should be observed under gamma or X-ray irradiation of aromatic-rich hydrocarbon

mixtures at lowered temperatures and dose rates. It was demonstrated in the

experiments on radiation processing of low-octane gas-condensate gasoline at room

temperature [17]. Gasoline was irradiated with bremsstrahlung X-rays from the

2-MeV electron beam. The experiments have shown that radiation-induced

isomerization was much more considerable after addition of heavy aromatic

compounds and irradiation of such mixture with moderate X-ray doses. In these

experiments, heavy residua of bitumen radiation processing were used as additional

agents for isomerization initiation.

The changes in fractional and hydrocarbon contents of gasoline separated from

the irradiated mixture demonstrated the effect of heavy aromatics on radiation-

induced isomerization. Experimental data (Figs. 18, 19, 20) show that considerable

effect of paraffin isomerization could be observed only in the presence of heavy

aromatic compounds and only as a result of radiation processing of such mixture.

An addition of 15 mass% residue of bitumen radiation processing to the gas-

condensate gasoline and subsequent X-ray irradiation of the mixture at room

temperature caused an increase in the iso-alkane concentration by 33.8 % in respect

to their initial concentration in gasoline. It was accompanied by increase in the

gasoline octane number from 54 to 68 without using any other chemical additives.

In this series of experiments, heavy residua of bitumen processing played a role

of isomerization stimulators and did not directly contributed to the changes in the

gasoline hydrocarbon contents. Radiation processing caused a considerable increase

in the iso-alkane concentrations while the arene concentration remained practically
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the same (about 12 mass%). Thus, the observed increase in the gasoline octane

numbers should be completely attributed to radiation-induced isomerization.

The presence of heavy aromatic compounds that effectively absorb the excess

energy of radiation-generated radicals increases a probability of isomerization and

makes lower a probability of their decomposition at any temperatures. Therefore, an

addition of heavy aromatics leads to a decrease in olefin concentrations and increase

in the iso-alkane contents in gasoline after radiation processing. This effect is

distinctly seen in Fig. 21, which illustrates the effect of X-ray irradiation on the

hydrocarbon contents of the low-octane gas-condensate gasoline. Figure 21 shows

that the addition of heavy residue of bitumen processing led to an increase in the

iso-alkane concentration in gasoline irradiated at room temperature by 34 %. At the

same time, olefin concentration decreased more than twice.

Generally, there is no need to convert electron to bremsstrahlung X-ray radiation

for gasoline isomerization and increase in its octane numbers. The same results can
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be obtained using electron irradiation at relatively low dose rates or gamma

irradiation from isotope sources [20].

4.4 Kinetics of Low-Temperature Radiation-Enhanced Isomerization

A kinetic study of gasoline radiation-enhanced isomerization [18] was based on

taking into account the evolution of the radiation-generated unstable molecular

states responsible for cracking and isomerization of hydrocarbon molecules.

At lowered isomerization temperatures, for example, at room temperature,

thermal isomerization and a probability of radiation-induced alkane isomerization in

the absence of heavy aromatics can be neglected. In supposition that large radiation-
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generated radicals do not break apart under thermal action at low temperatures

during their lifetime, the kinetics of iso-alkane accumulation in gasoline can be

described by equation

dCiso

dt
¼ ðCð0Þ

par � CisoÞCn
ark

ð0Þ
iso R

q� q0
q0

� �3=2

ð45Þ

where Car is concentration of the heavy aromatic additive; ðC0
par � CisoÞ is con-

centration of normal alkanes:

Cð0Þ
par ¼ 1� Cnp � Car; ð46Þ

Cnp is concentration of non-paraffin components that do not enter isomerization

reactions.

Quantity C
ð0Þ
par represents the paraffin concentration in the hydrocarbon system; it

will be assumed to be constant since all the reactions except isomerization are

neglected. The values of isomerization rate k0iso can be different for different isomers

but for the sake of simplicity it will be supposed that a single type of isomer is

formed in the reaction.

Concentration of radiation-generated radicals, R, that recombine in the first- and

second-order reactions with the rates kt1 and kt2, respectively, is determined by

equation [19, 51]:

R � kt1

2kt2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4kt2

k2t1
GP

s

� 1

" #

ð47Þ

At the given difference in densities, the efficiency of excess radiation energy

transfer from radicals to heavy aromatic molecules and, therefore, efficiency of

radiation-induced isomerization, depends on the number of heavy aromatic

molecules, n, per molecule of normal alkanes. For this reason, Eq. (44) includes

concentration of heavy aromatic compounds raised to the power of n.

With the initial condition Cisojt¼0¼ 0, Eq. (45) has solution

ln
C
ð0Þ
par � Ciso

C
ð0Þ
par � C

ð0Þ
iso

¼ �k
ð0Þ
iso RCn

ar

q� q0
q0

� �3=2

t; ð48Þ

where C
ð0Þ
par is determined by formula (46).

Expression (37) shows that at the given iso-alkane concentration, Ciso ¼ C�
iso, the

isomerization rate has maximum at

C�
ar ¼

n 1� C � �C�
iso

� �

nþ 1
; ð49Þ

where from
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n ¼ C�
ar

1� C � �C�
ar � C�

iso

ð50Þ

Formulas (49) and (50) give a relationship between concentrations of normal

alkanes and heavy aromatics that corresponds to the maximal isomerization rate.

Parameter n determines the number of heavy aromatic molecules per molecule of

normal alkanes in the optimal conditions of radiation-induced isomerization.

Calculations using the cited above experimental data [17] on the changes in

isoalkane concentration in irradiated gasoline with heavy aromatic addition provide

a value of n � 0:1. Therefore, in optimal isomerization conditions, one heavy

aromatic molecule should be surrounded by about ten molecules of normal alkanes.

Equation (50) determines the conditions of the excess energy transfer from a

radical formed as a result of radiation-induced decomposition of an alkane molecule

to heavier aromatic molecules. If the ratio of heavy aromatic and normal alkane

concentrations decreases below the value of n
nþ1

, it leads to less intense absorption of

the excess energy of large alkyl radicals, a higher probability of their decomposition

and, therefore, decrease in the isomerization rate. If the ratio of heavy aromatic and

normal alkane concentrations exceeds the value of n
nþ1

, then alkyl radicals lose the

most part of their energy and become incapable of isomerization.

The dose dependence of isomer accumulation in irradiated gasoline mixed with

the heavy residue of bitumen processing is shown in Fig. 22 for different

concentrations of the aromatic additive. The isomer concentrations shown in Fig. 22

relate to gasoline obtained after heavy aromatics removal from the irradiated

mixture.

Figure 23 shows dependence of the degree of normal alkane isomerization in

gasoline irradiated with a dose of 743 Gy on concentration of the aromatic additive

Fig. 22 Dependence of isoalkane concentration in gasoline, Ciso, on dose of bremsstrahlung X-rays for
different concentrations, Car, of the aromatic stimulator of isomerization; P = 0.275 Gy/s
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(heavy aromatics was removed from gasoline after radiation processing). The

isomerization degree, c, is defined here as

c ¼ Ciso � C
ð0Þ
iso

C
ð0Þ
par � C

ð0Þ
iso

ð51Þ

where Ciso is isoalkane concentration, C
ð0Þ
iso is isoalkane concentration in unirradiated

material, and C
ð0Þ
par is alkane concentration in unirradiated material.

In the described above irradiation conditions, the maximal degree of isomeriza-

tion (41 %) was reached with the addition of 25 mass% heavy aromatics. A further

increase in the concentration of the aromatic additive resulted in a slow decrease in

the isomerization degree under the same conditions of gasoline radiation processing.

At the given irradiation time, isomerization efficiency continuously increased as

dose rate increased, reaching 75.4 % at the dose rate of 20 kGy/s and the dose of

20 kGy (Fig. 24).
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5 Conclusions

Radiation methods for radiation processing of petroleum oils and oil products

developed by now appear to offer economic and technologically efficient solutions

of many acute problems of the oil industry, such as upgrading and refining of heavy

crude oils, bitumen and oil residua, cleaning and refining of used oil products, oil

desulfurization and increase in gasoline octane numbers.

Radiation methods have such advantages over conventional technologies as

simpler configurations of the radiation plants and lower capital and operational

costs. They are universal in respect to the type of feedstock, do not require special

catalysts, and are characteristic of a higher production rate. New technologies, based

on the phenomena of low-temperature radiation cracking and radiation-enhanced

isomerization of hydrocarbons, allow oil processing at lowered temperatures (down

to room temperature) and atmospheric pressure.

New technological approaches combine high production rates and economic

efficiency with the ability of easy re-orientation to processing of different types of

oil feedstock and production of different types of oil products corresponding to

market demands and make a base for a number of perspective applications in the oil

industry.
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Abstract The use of gamma radiation for treating biodeteriorated cultural heritage

on paper has been studied at the Comisión Nacional de Energı́a Atómica-CNEA

(Argentina) since 2001. In order to preserve books, publications, and documents that

have been attacked by insects or fungi, gamma radiation techniques have been used

at CNEA. The activities include basic research as well as their applications in

infected documents and papers currently used in libraries and archives. New papers

were subjected to accelerated ageing in order to evaluate the effects of gamma

radiation on their physical and mechanical properties. Current studies include

resistance to radiation in two batches of highly cellulolytic fungi, associated with

indoor environment. They are present in papers and adhesives used for conservation

purposes at the Laboratory of Preventive Conservation and Restoration of Docu-

ments. A joint study has been started in CNEA with the National University of La

Plata.
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1 Introduction

Preservation of books and documents in libraries and archives are hampered mainly

by inadequate environmental and infrastructural conditions, as well as by occasional

floods, explosions, fire, or extinction methods.

For large amounts of wet and dirty materials, there is a high risk of

biodeterioration due to inabilities of immediate drying and cleaning actions.

Development of fungi can cause losses of valuable cultural objects [65]. Thus, the

necessity of a treatment to eliminate the subsequent infection.

There are different physical and chemical methods in order to avoid biodete-

rioration. Then it is essential to know their advantages and disadvantages, in order to

choose the most effective one. Chemical methods as fungistatic products, ETO,

formaldehyde and thymol, among others, leave undesirable residues for documen-

tary material and human health. Gamma radiation is a physical method that leaves

no residue on paper. Due to its high penetration capacity, large volumes of packaged

documentary material can be treated in a short time.

For decades, radiation processing has been used worldwide in order to preserve,

modify, or improve the characteristics [33] of a wide variety of products and

materials: sterilization of health care products; food irradiation; polymer cross-

linking, tire component curing and conservation of art objects [28]. This technology

has been successfully used to reduce biodeteriogene level in infected documents and

books to a normal level, contributing to their preservation [8, 27].

In Argentina, libraries and archives have in general conservation problems

because of inadequate storage conditions or chemical treatments. In 2001, a

multidisciplinary team including a chemist, a conservation expert, and a microbi-

ologist, was integrated in CNEA in order to investigate the benefits and

disadvantages of gamma radiation to control fungus on paper documentation. A

thesis work on the subject was presented and the CNEA started to assist in the

treatment of institutional infected documents, books and magazines, as well as other

institution needs [11].

In 2001, the collection of BAP’s (Public Administrative Bulletins) documents,

which contain institutional administrative historical records since 1951 up to the

present, suffered a fungal infection. This was one of the first cases in which gamma

radiation was used in CNEA to treat infected paper.

Whenever possible, the effects of the different doses were evaluated by different

tests on irradiated and un-irradiated paper. Mechanical physical tests were used to

determine:

• mechanical resistance

• optical and electron microscopy for evaluation of fibers of photographic

documentation

• pH analysis and accelerated ageing with different methods based on interna-

tional standards

• UV, moist heat

• dry heat.
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Gamma radiation treatments proved to be an effective and safe method, which

allowed to deal with large volumes of documents in a short time, leaving no residues

on paper. This is the reason why this method was adopted in our Laboratory of

Preventive Conservation and Restoration of Documentation (LCRD) for restoration

of infected material.

2 Fungi and Their Role in Paper Deterioration

In museums, collections, and libraries, where paper and its derivates are the main

organic material, fungi play the most important role in biodeterioration [55].

Although bacteria can also deteriorate paper, the environmental conditions of these

buildings are usually more prone to the growth of fungi rather than bacteria, since

fungi require less moisture to develop [55].

Fungi that deteriorate paper are mostly air borne, or due to dust accumulation in

paper and associated supports. These fungi most frequently belong to the phylum

Ascomycota with slow-growing species such as xerophilic ones of the genera

Aspergillus, Paecilomyces, Chrysosporium, Penicillium, and Cladosporium. How-

ever, there are other fungi, such as some fast-growing species of subphylum

Mucoromycotina, as well as ones from the phylum Basidiomycota (Table 1). They

can modify the paper substrate or become it in a vector/support for the dispersal of

fungal propagules. These fungi colonize paper either by penetrating into the

microfibril matrix or growing superficially [57]. Although some data about fungal

interaction with substrates and their surface topography exist [57], they are only

descriptive and derived from particular cases. Therefore, there is a need to identify

the factors that trigger these behaviors, such as those related to limitations or

environmental preferences (availability of oxygen, other gases and/or water, among

others).

Fungi that colonize documents or art works made of paper can cause structural

damage mainly by cellulose decomposition (see Sect. 2.1) and/or by aesthetic

detriment (see Sect. 2.2). In addition, handling mould or contaminated paper objects

can constitute a serious health risk, because many of them can be pathogenic/tox-

inogenic, even if they are already dead [47]. Fungi, either airborne and/or

deteriorating paper, can cause allergies in people and serious respiratory diseases. In

this sense, many fungi available as spores in air, such as those belonging to genus

Cladosporium, are present at high concentrations in several institutions that

conserve heritage documents and are therefore a potential cause of allergic

respiratory diseases when inhaled [36].

2.1 Fungal Ability to Cause Structural Damage in Paper

Most fungi that infect paper have saprotrophic properties, using the cellulose matrix

as a source of carbon and energy. These fungi can involve both enzymatic and non-

enzymatic mechanisms to degrade cellulose. The enzyme systems that fungi

synthesize in order to depolymerize cellulose include three main types of

extracellular hydrolases:
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1. endoglucanases (EC 3.2.1.4);

2. exoglucanases, including cellodextrinases (EC 3.2.1.74) and cellobiohydrolases

(EC 3.2.1.91 for the enzymes acting on the non-reducing end and EC 3.2.1.176

for ones on the reducing end); and

3. b-glucosidases (EC 3.2.1.21).

Endoglucanases are the key components in the process since they increase

notoriously the number of reducing and non-reducing extremes (including chain

ends and oligosaccharides). However, a previous step called amorphogenesis is

necessary to open up the fibrillary matrix and increase the access of the enzymes to

the glycosidic linkages within the sugar polymers.

Additionally, there is recent evidence that different fungi can also degrade

cellulose involving oxidative enzymes such as the polysaccharide monooxygenases

Table 1 Some fungi reported as biodeteriorating agents associated with several paper documents

Substrate/source of isolation Taxa References

Laid-paper Cladosporium cladosporioidesa [38]

Cladosporiuma and Penicilliuma

Laid-paper Toxicocladosporium irritansa and Chromelosporium

carneuma
[38]

Wood-pulp paper C. carneuma, Aspergillus versicolora, and P.

chrysogenuma
[38]

Wood-pulp paper Chaetomium globosuma [38]

Wood-pulp paper Phlebiopsis giganteab [38]

Laid-paper Alternaria alternataa and Toxicocladosporiuma [38]

1920 etching Taeniolella (Torula) sp.a [57]

1958 etching Chaetomium sp.a [57]

17th-century paper Cladosporium sp.a and Torula sp.a [57]

A mold patch in a book Aspergillus sclerotioruma [18]

Maps Aspergillus sp.a and Penicilliums sp.a [43]

Indoor air in an archive and one

wood-pulp sample

Aspergillus fumigatusa [38]

Registry book of councils from the

Santa Cruz Monastery (Coimbra)

Epicoccum nigruma [38]

In foxing spots in Leonardo da

Vinci’s self-portrait

Eurotium halophilicuma [49]

Leonardo da Vinci’s self-portrait Lichenized Ascomycota or Acremonium sp.a as the

most dominant taxa

[49]

A degraded paper of a 16th-century

book

Penicillium pinophiluma, Aspergillus versicolora,

Aspergillus nidulansa, Cladosporium

cladosporioidesa, Epicoccum nigruma,

Debaryomyces hanseniia, Botryotinia fuckelianaa,

Rhizopus arrhizusc

[41]

a Phylum Ascomycota
b Phylum Basidiomycota
c Subphylum Mucoromycotina
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(PMOs or LPMOs; they stand for lytic PMOs), cellobiose dehydrogenases (CDHs),

and members of the carbohydrate-binding module family (CBM33), which act

complementarily to the hydrolytic cellulase system.

Non-enzymatic mechanisms can also participate in the fungal degradation of

cellulose. Such processes are associated with the activity of some Basidiomycota

fungi such as the brown-rot ones. Through quinone redox cycling and glycopeptide-

based Fenton reactions, they generate small molecular weight oxidants such as the

hydroxyl free radical that randomly attack the substrate [20].

Although fungi that deteriorate paper are mostly cellulolytic organisms, the

microbiota associated with this substrate can also include fungi with different

saprotrophic behaviors, such as non-cellulolytic ones. An example is the fungi from

the order Mucorales, which belong to the group called ‘‘sugar fungi’’, which are

unable to utilize complex carbohydrates because they lack the extracellular enzyme

batteries. However, they can play a role as opportunists on deteriorated paper. If

conditions are adequate for spore germination, they develop typical colonies using

soluble carbon compounds. They are easily assimilable and derived from the

depolymerization of cellulose caused by the activity of extracellular enzymatic

systems that have been secreted by cellulolytic fungi.

In addition, fungi developed on paper can nurse themselves from several carbon

substrates present on paper other than cellulose or their monomers. They could be

either fillers, sizings, or dust, which can be rich in proteins and sugars, or by

scavenging CO2, combined nitrogen, and carbon-rich gases from the atmosphere

under stressful conditions [60]. Also, the survival strategy of fungi deteriorating

paper under these conditions might also include alternative endogenous carbon

sources such as lipids. All of these limitations can lead to the inconspicuous

mycelial development on paper, which is associated with the production of fungal

secondary metabolites rather than biomass accumulation.

2.2 Fungal Ability to Cause Aesthetical Damage in Paper

Fungal growth on paper can generate colorimetric alterations, whether the substrate

degrades or not. However, some changes in the coloration of paper can also result

from the physical–chemical transformations of their components such as type-lignin

aromatic compounds and the interaction of the cellulose with metal traces that

causes deleterious effects on papers. The latter correspond to foxing phenomena by

the action of abiotic processes [6].

Paper staining following the activity of the fungi can be due to the de novo

synthesis of fungal pigments and to the Maillard reaction of by-products of the

fungal metabolism. This is the case of organic acids, oligo-saccharides, and other

products derived from cellulose degradation that chemically react together with

nitrogen-containing compounds and other additional materials from paper under

specific conditions. This latter process forms brown products with the consequent

formation of foxing type spots [49]. Although the formation mechanisms of foxing

have been studied since 1930, there are still no conclusive results and they are

controversial [6]. Therefore, additional studies are required in order to identify the
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processes and conditions that contribute to development of foxing due to fungi in

paper.

2.3 Chemical Nature of Fungal Pigmentation in Deteriorated Paper

Many fungi that deteriorate paper synthesize different pigments, such as lipophilic

ones (e.g., carotenoids), hydrophilic ones (e.g., anthraquinones) and others, which

are only soluble in alkaline solutions (melanins). These secondary metabolites may

cause extensive color changes in the paper, even if the growth of fungi is limited.

These pigments can play different functional roles, such as a protecting agent

against environmental stress (including photo-oxidations), or against other organ-

isms (involving an antimicrobial action) or as an intermediary enzyme-related

cofactor. In this sense, there are several fungi growing on paper that increase their

pigmentation by the establishment of stressful conditions. Llorente et al. [37]

reported data about the nature of a dark pigment (1,8-dihydroxynaphthalene (DHN)-

melanin) in agar cultures of Cladosporium cladosporioides and found that the

pigmentation of their colonies was increased under chemical stress imposed by

certain fungicides. This fungus is a frequent inhabitant of indoor air of libraries and

museums and is an etiological agent that causes paper deterioration. Therefore it is

necessary to study the melanization process in this fungus and its relationship with

environmental conditions.

Several pigments found in deteriorated paper are produced and accumulated in

different structures that fungi can differentiate, which are dependent on the

taxonomic group to which they belong and to their ecophysiology. In this sense, the

pigments can locate in spores, fruiting structures, and mycelium as well as

resistance somatic structures such as the sclerotia. This can be variable, being the

physiological state of the fungus a key in the differential effects that might generate

on the substrate [48]. Although Szczepanowska and Cavaliere [57] suggested that

the staining of several papers deteriorated by Cladosporium sp. and Chaetomium sp.

was confined to the fungal elements, there are several findings that showed fungal

pigments can be secreted into the substrate and so spread far away from the origin

source. Choi et al. [19] reported the production of 2-methylresorcinol, a diffusible

pigment with antimicrobial activity, by the fungus Helicosporium sp. (Ascomycota).

Also, the pyomelanin, which is a water-soluble brown pigment, has been reported to

be synthesized by different fungi under certain culture conditions. This pigment was

shown to protect fungi against different stresses such as those generated by reactive

oxygen intermediates [5]. Among the pyomelanin producing fungi, there are species

from the genus Aspergillus, including A. fumigatus, which is a typical fungus that

deteriorates paper [38]. However, A. fumigatus is also able to produce another

melanin type, such as one DHN-type, which is insoluble in water and is

predominantly present in the conidia and secondarily accumulated in the hyphae

and excreted into the medium [52]. On the other hand, Michaelsen et al. [41]

postulated that the pinkish to purple-colored spots in the 16th-century book’s leaves

have their origin in purple exudates from the cellulolytic fungi, Aspergillus nidulans

and A. versicolor. Therefore, fungal staining is a highly relevant process that

deteriorates paper and so a problem that conditions the choice of adequate strategies
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of restoration. This is compatible with limited results reported in experiments with

bleaching agents to eliminate front spots associated with fungal deterioration. Since

the mechanical removal of dark fungal elements on paper where the pigments are

attached, such as reported by Szczepanowska and Cavaliere [57], is not a minimally

invasive restoration procedure, new sustainable strategies must still be developed.

3 Cultural Heritage in Paper: Causes of Biodeterioration and methods
for Their Treatment. Benefits and Problems of Various Treatments.
Use of Gamma Radiation

A book or document undergoes biodeterioration when it suffers alteration of its

physical, chemical, mechanical, and aesthetic properties due to the action of

biological organisms. Inadequate infrastructure and environmental conditions, as

well as microorganisms on material, are the main causes of deterioration of cultural

heritage on paper and a door open to fungal contamination and attack of insects or

rodents [14, 17, 44, 56]. Pollution caused by microorganisms is one of the main

problems that affect cultural heritage objects because it not only degrades the

material but also affects the quality of the air of archives and libraries where they

are stored [65–67]. Pollution can cause severe diseases, mainly by inhalation of

spores and/or contact with them, so it is essential to proceed to decontaminate prior

to restoration [68]. The growth of microorganisms and insect pests that generate

biodeterioration are favored by factors such as temperature, high humidity, crowded

deposits, dust, and poor air circulation. Thus, it is necessary to control these factors

to avoid attack [9].

When we talk about the conservation of cultural heritage on paper, we refer to a

wide range of procedures and techniques, which serve both to prevent, correct, and

repair the originated damage. Modern scientific and technological advances have

supplied fundamental tools to combat biological factors of deterioration and helped

to understand if they were caused by physical and chemical elements. There are

several effective treatments, to a greater or lesser extent, that have been used

worldwide. These pest-control methods can be physical and chemical.

One method of control is based on the use of chemicals to prevent pests or

eradicate insects and fungi. Many institutions make periodic fumigations unaware

that these products leave residual vapors which, when daily breathed by employees

and/or users, may cause severe health problems [25]. Although a wide diversity of

chemicals are used–such as fungistatic compounds, for instance thymol or

ortophenylphenol—which inactivate some fungi-the two most commonly used

methods are ethylene oxide (ETO) and gamma radiation since they are industrially

standardized for use.

Despite ETO’s high toxicity at doses necessary to eradicate fungi, it was used

worldwide in the 1980s to treat fungal infections in archives and libraries and it is

still used regularly in archives. After this type of treatment, adequate ventilation

should be made in order to remove residual gas [4].
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In 1984, the U.S. Occupational Safety and Health Agency (OSHA) specified a

standard for occupational exposure to ethylene oxide which, among other

provisions, lowered the permissible exposure level (PEL) from 50 to 1 ppm [64].

However, the need of appropriateness of a short-term exposure limit has not been

evaluated [4]. The World Health Organization (WHO) has given clear guidelines for

allowable limits for humans, animals, and the environment. They explained the

severe health problems caused by ethylene oxide, such as cancer, abortions, and

kidney failure, because of their residual vapors or dermal absorption [68].

Ionizing radiation, in particular, has been and is used worldwide for the

elimination of biodeteriorating agents in libraries and archives for the recuperation

of large volumes of bibliographic material after disasters, especially those caused by

water contact [11, 12, 42, 53].

There are several investigations aimed at the evaluation of the use of gamma

radiation as a biocide agent in books or documents affected by fungi and/or insects.

Due to its physical character, gamma radiation does not leave any residues and

books or documents can be used immediately after treatment

[1, 2, 3, 10, 24, 35, 54].

Its high penetration capacity makes it possible to treat large volumes of material

in a short time and at room temperature, without vacuum or any other type of

additional treatments [1]. Materials are irradiated in their packaging and it is not

necessary to air them out after the treatment. Another advantage is that only one

parameter has to be evaluated: the delivered radiation dose, which depends only on

the time of exposition to radiation.

Chemical reactions induced by gamma radiation on the cellulose molecules

include breaking of molecular links and oxidation. The generation of free radicals

causes secondary reaction in paper constituent elements [1]. Although the cellulose

molecule is broken, reducing its size, the length of the polymeric chain is not

affected.

No significant deterioration of mechanical resistance has been reported, even

after a 70% reduction in its degree of polymerization. It is highly important to

consider that the loss of molecular weight does not concur with observations during

practical applications [1, 22, 23, 42, 46].

In case of catastrophical events affecting archives, museums, and libraries, and

when the contamination degree is important, the use of gamma radiation is the only

way to conserve the material. This technique, followed by appropriate storage, will

preserve the material from a definitive loss in a short time [21, 42, 50, 51, 61].

A general acceptability criterion is that materials’ properties should not be

affected in more than 50% of their original value as a consequence of the treatment.

Regarding bibliographical materials, acceptability criteria is the ability to continue

its use without significant loss of its functionality. In those cases in which materials

could not be recovered for normal use, the procedure consists of treating, cleaning,

restoring, and digitalizing them, followed by the appropriate storage of the original

[11, 22].

In certain areas, the use of gamma radiation for treatment of books or documents

is resisted, without a true knowledge of the advantages of the method. Without a

suitable treatment, a book could suffer greater deterioration due to oxidation and/or
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acidification from undesirable residues in the paper, with the possibility of total loss

in case of lack of adequate measures to revert the situation.

In the USA, during 1980, Nancy McCall, archivist in charge of John Hopkins

University Alan M. Chesney, Medical Archives at John Hopkins Hospital, received

a donation of 295 boxes with a document collection belonging to Dr. William

Horsley Gantt, a psychiatrist disciple of Russian physiologist Iván Pavlov. The

material of high heritage value was totally contaminated by microorganisms and had

suffered an attack of insects and rodents. After the evaluation of the possible

treatment methods, and although there was not enough experience on the use of

ionizing radiations, Ms. McCall together with nuclear engineer Walter Chappas of

the University of Maryland, decided to irradiate all of the boxes using a cobalt-60

linear accelerator for 45 min at a 4.5-kGy dose [39].

Years later, Ms. McCall explained that after 20 years, no problems have arisen

with their irradiated documents, that continue available for normal use, cleaned and

restored [40].This experience and its favorable results after many years was in a

certain way the starting point for the research and studies, performed at CNEA, in

the use of gamma radiation for cultural heritage on paper support treatment.

4 Creation of the Laboratory for Preventive Conservations
and Restoration of Documentation (LCRD)

The Laboratory of Preventive Conservation and Restoration of Documentation

(LCRD) was created in August 2005, with the main objective of preserving

institutional documental heritage on paper support. Gamma radiation was adopted

for the treatment and recuperation of documents with a fungal infection because of

its strengths (non-contaminating process, highly penetrating).

Desinsectation of cultural heritage objects had already been done at PISI but it

was not until 2001 that the evaluation of the effects of gamma radiation on physical

and mechanical properties of papers commonly used in libraries and archives was

started. Attention was paid to fungi due to the difficulties in their eradication and the

highly toxic and contaminating chemical treatments of regular use in the Argentine

market.

Thus, it was necessary to face up the great lack of confidence of professionals on

cultural heritage conservation especially of paper support to accept the usefulness of

this peaceful use of nuclear energy. Although this situation is still present,

dissemination and the offer of services to other institutions are very good tools

contributing to solve the problem.

5 Radiation Processing-CNEA’s Semi-industrial Irradiation Facility
(PISI)

The basic components of irradiation facilities include a
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• radiation source (radionuclide gamma or machine source) and the associated

systems,

• a product transportation system (in most cases),

• an irradiation chamber with biological shield for protection of personnel and

public against radiation,

• storage zones for irradiated and non-irradiated products,

• a dosimetry laboratory,

• a product-handling system and

• the infrastructure for personnel [26].

Argentina’s National Atomic Energy Commission has broad experience in

radiation processing since the 1960s, mainly in applied research on irradiation of

health care products, food polymers, among others. Accompanying this develop-

ment, Argentina’s first irradiation facility—PISI—started operations in 1970, at the

Ezeiza Atomic Center. The PISI is a multipurpose facility that uses cobalt-60

sources, with a nominal activity of 1MCi [45].

The process takes place in an irradiation chamber. Products are moved by a

conveyor system and exposed to gamma radiation during the time necessary to

absorb the proper energy to achieve the objective.

Absorbed dose (sometimes referred to as ‘dose’) D, is defined as the quotient of

the de by dm, de/dm. Where de is the mean energy imparted by ionization radiation

to matter of mass dm. The unit of absorbed dose is Gray (Gy), where 1 Gray is

equivalent to the absorption of 1 Joule per kilogram of specified material

(1 Gy = 1 J/kg) (ISO 12749-4 2015).

Absorbed dose is the quantity that relates directly to the intended effect. Prior to

the actual irradiation treatment, both the minimum dose required to reduce

biodeteriogene level to normal (or treatment dose) and the maximum accept-

able dose must be determined. The first one depends on the type of biodeteriogens

present on the paper, and the second is related to compatibility of the paper, ink, and

to the materials with the radiation process. It is the highest dose the object can

absorb without having unacceptable modifications of its properties. This dose range

is usually determined by a combination of bibliographical recommendations and
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adequate testing. Since absorbed dose is the magnitude of interest, suitable dose

measurement techniques are required in order to prevent under- or over-exposure of

the product.

The dose measurements required in radiation processing concern characterization

of irradiation facilities in installation qualification (IQ), operational qualification

(OQ), measurement of dose distribution inirradiated products in performance

qualification (PQ), and routine monitoring of the irradiation process [30].

At PISI, routine dosimetry is performed with PMMA dosimetry systems,

calibrated with alanine dosimetry systems traceable to NPL.

Although at present there is no specific standard for irradiation of cultural

heritage objects, since dosimetry and process validation and control practices are—

in general terms-quite similar between different processing applications (except for

differences in dose level and package characteristics), dosimetry for biodeteriorated

cultural heritage on paper treatment is performed following guidelines of good

irradiation practices [26, 31, 32, 34].

6 Studies Performed at the LCRD

6.1 Studies on the Use of Gamma Radiation for Insect and Fungi Control
on Paper Support for Conservation Purposes (Magister Thesis, [11])

The ability of this technique was shown to effectively contribute to the conservation

of bibliographical material, removing fungi and insects without a significant

deterioration of its properties. The study was conducted in three stages. The first two

evaluated the seven existing types of paper and cardboard. The third step includes

the analysis of paper leafs with advertising from the magazines irradiated at 50 kGy.

The following papers were also analyzed:

• 90 g Permalife paper and 175 g Permalife cardboard, Ecobotanical paper (all of

them used in conservation), Epson photographic paper

• Executive Ledesma pulp paper and Fotocopy office paper (acid with pulp fiber),

• leafs from a book and

• a magazine with fungus infection donated for the essay.

These papers were selected due to their regular use in archives and libraries or for

having similar characteristics to those used in these places. Samples of irradiated

and non-irradiated, aged, and non-aged papers were tested.

First Stage: the papers were irradiated using a single dose of 13.4 kGy, trying to

cover the necessary dose range for the treatment applied in case of fungi

contamination.

Second Stage: after successful results in the first stage, this was followed by a

second one consisting of the irradiation of samples at doses of 3, 5, 10, 15, 20, and

50 kGy, with the aim of getting the different papers’ behavior profile under

irradiation and the determination of the minimum dose value to reduce microor-

ganisms to their environmental value. The maximum dose each paper could receive
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without noticeable deterioration of its mechanical capacity was also determined

(Figs. 1, 2).

Third Stage: After the terrorist attack of September 11, 2001, in the USA, all

the mail arriving to CNEA was irradiated at the PISI in order to discard any

possible attach with filterable virus or other type of etiological agent. Seven boxes

of publications containing 125 magazines, coming by post from the USA and

Europe, were irradiated at 50 kGy. Three years after their radiation, leafs with

publicity were extracted and evaluated under Tappi T494 om96 [59] standard,

performing tensile strength tests and pH essays. Although a very high dose was

used, five times the necessary to control fungi infections, the material is currently

in use without any type of visible deterioration. Physical and mechanical tests of

all the material used in the three stages mentioned above were performed in the

Laboratory of Polymers, at the Ezeiza Atomic Center. A dynamometer INSTRON

model 1122 multipurpose, with a load cell of 500 kg and head speed of 20 mm/
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min, was used. Screw grips were used to hold the strips. Tensile strength and

percentual stretch were determined according Tappi T494 om 96 standard. Before

the tests, all the material was stabilized at 22 �C and 50% RH, for 72 h. Fibers

from all the irradiated papers prepared under Tappi T401 om 93 [58] standard

were photographically registered and compared against fibers from the unirradi-

ated controls, and the differences were evaluated. Electron micrographs were

taken with an optical microscope at 409 and a scanning electron microscope at

8009 and 16009. In this way, it was possible to evaluate the absence of

morphological changes in the fibers. The analysis of the fibers by SEM was done

with the assistance of the Cellulose and Paper Laboratory of the National Institute

of Industrial Technology (INTI), for the determination of the deterioration in

fibers and other paper components with a better precision.

Regarding the irradiations of the second stage at different doses, it was possible

to confirm that only the biological tests of papers irradiated at 3 kGy presented

fungal development. No visible pH changes were observed.

After 3 years of irradiation of magazines at 50 kGy (third stage), samples from

these magazines were compared to others taken from unirradiated publications of

the same period. It was possible to determine that at this dose there is a 49% loss in

the mechanical characteristics of TEA and a 34% loss in the deformation

percentage, being both compatible with their normal use.

As a conclusion, it was determined that deterioration of treated materials is not

significant, being possible to verify the working hypothesis and the possibility to use

gamma radiation or microorganisms and insect control in books and documents

[11].

6.2 Treatment of CNEA Public Administrative Bulletins

In 2001, it was found that all leather bindings of the Public Administrative Bulletins

(BAPs) collection at the Administrative Archive of CNEA were covered by

greenish stains. These Bulletins with the institutional administrative memory

suffered a fungal infection due to their storage in a deposit without ventilation

(airing) and very high temperature and humidity after cleaning with wet towels

during summer [13].

The material was analyzed in the Microbiology Laboratory at the Ezeiza

Atomic Center for the determination of the irradiation dose. Three hundred books

were put into 50 boxes and irradiated at the PISI at 14.4 kGy and a dose rate of

0.15 kGy/min [23]. In this case, the Microbiology Laboratory only performed the

dose analysis as it was irreversible risk destroy the material. After the

irirradiation, the books were cleaned and stored in a deposit built under

conservation standards established by the International Center for the Study of the

Preservation and Restoration of Cultural Property (ICCROM): floor, ceiling, and

walls made of fireproof materials, lightning with UV filters, temperature and

relative humidity mechanically controlled at 20 �C and 50%, respectively (smoke

and temperature change detectors, anti-panic doors).
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6.3 Publications Belonging to the Constituyentes Atomic Center
Biodeteriorated Due to a Flood Event

In 2001, several boxes with periodical publications at the Information Center of the

Constituyentes Atomic Center got wet due to a flood in the area. Drying activities

begun immediately after the problem had been detected. However, due to high

temperature and humidity, a great part of the material was severely infected. After

evaluating the degree of the damage, the most adequate solution was selected.

The material was analyzed at the Microbiology Laboratory for the determination

of their radiation dose and was irradiated at the PISI at 15 kGy. After irradiation, the

material was returned to the Information Center including a report indicating the

procedure for its conservation, cleaning, and storage.

6.4 Documentary Fund Declared by UNESCO Memory of Humanity

In 2006, the LCRD received an offer to work with a documentary Collection

included in the UNESCO Memory of the World Register. The collection consisted

of 36 boxes with 100–120 records of 1–20 pages each, in plastic envelopes. Due to a

flood, the documents were kept wet in these envelopes for over 2 months. The

archivist of the institution where the collection was kept asked the LCRD for an

evaluation of the material and of its recuperation. Samples were collected for the

determination of the irradiation dose (9 kGy) at the Microbiology Laboratory. An

important amount of the material was recuperated by hand. In this case, due to the

paper acidity degree (acid papers with ferrogallic inks), calcium carbonate was used

to increase alkalinity in the document restoration. The method consisted of the

addition of 5 mg of calcium carbonate per liter of 2% methylcellulose solution to

stick Japanese paper to the documents after their cleaning. Tests were done for the

determination of pH of the irradiated and un-irradiated documents as well as on the

aged ones.

In order to verify the degree of improvement, essays were done for accelerated

aging using dry heat [62] and wet heat [63] and IRAM ATIPCA P3118 [29]

standard for UV aging. Papers treated with methylcellulose and with methylcel-

lulose plus calcium carbonate were compared.

Tensile tests were done and the results compared to those obtained from wet heat

aged probes treated with Japanese paper and methylcellulose (A) and with Japanese

paper plus methylcellulose plus calcium carbonate (B). Preliminary results showed

an increase of about 40% in mechanical resistance to tensile strength for B papers as

compared to A papers. It was found that accelerated aging at 80 �C and 65% RH for

24 h did not cause noticeable changes in the tested samples. Mechanical properties

of the restored samples were examined in order to evaluate their tolerance to

handling for their digitalization or direct reading. As no identical material was

available for control purposes, a common office paper of known tolerance to

handling and accelerated and natural aging was used. In relation to this control

sample, resistance of the paper fibers was about 37% for samples restored using

methylcellulose and about 51% for those treated with calcium carbonate. In the

direction perpendicular to the fibers, samples treated without calcium carbonate
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showed the same resistance as the control samples, and the ones treated with

calcium carbonate 45% less. Elongation capacity was slightly higher than that of the

control sample for samples restored without calcium carbonate and about 50% for

the ones with calcium carbonate—in the direction perpendicular to the fibers and in

the sense of the paper fibers, values were 60—68% of the control values. It is

interesting to notice that dispersions, expected when working with restored material

coming from highly deteriorated originals, were well above the results from samples

treated with calcium carbonate, probably due to problems in the carbonate

dispersion in the methylcellulose solution. Thermal aging did not cause any

important fall of tensile strength and elongation capacity. Irradiated paper, restored

with and without carbonate, resulted with enough mechanical resistance for

handling in the different studies performed [22].

6.5 Influence of the Irradiation Dose and Dose Rate on the Physical
Properties of Commercial Papers Commonly Used in Libraries
and Archives

The objective of this study was the evaluation of the dose and dose rate in papers

commonly used in libraries and archives for their optimization. Doses between 2

and 11 kGy and dose rates between 1 kGy/h and 11 kG/h were used. Physical and

mechanical properties, intrinsic viscosity, tear resistance, and brightness were

analyzed.

The three different brands of paper with different pulp compositions were:

• soda-anthraquinone pulp from sugar cane bagasse (author),

• bleached eucalyptus kraft pulp with an elemental chlorine free bleaching

sequence (Boreal), and

• a specialty paper with a 25% of cotton fiber in use for paper conservation

(Capitol Bond).

Gamma radiation is a valid option for removing mold from books and documents

because it has no residual toxicity, is highly penetrating, does not pollute the

environment, and large volumes of material can be processed in a short time.

Although a lot of research has been conducted about adequate doses, no recent

works have been found on the effect of dose rate or on its combination with dose.

The aim of this study was to evaluate the effects of dose and dose rate of gamma

radiation on the physical properties of commercial papers commonly used in

libraries and archives in order to optimize the irradiation conditions for each one.

Three different brands of paper with different fiber composition were used, and a

32 factorial design with four replicates of the center point with doses ranging from 2

to 11 kGy and dose rates between 1 and 11 kGy/h were applied. Chemical,

mechanical, and optical properties were determined on the samples. With some

difference between kinds of paper, tensile strength, elongation, TEA, and air

resistance were in general unaffected by the treatment. The lowest loss of intrinsic

viscosity, tear resistance, and brightness were obtained with doses in the range of

2–3 kGy for all the papers, where dose rate was different for each paper: 11, 10, and
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3 kGy/h for papers A, B, and C, respectively. These conditions are ideal for

removing insects. If the irradiation is performed at 10 kGy to remove a mass fungal

attack, the additional loss of viscosity would be of about 40% and the loss of tear

strength would be about a 10% approximately for all the papers [7, 15].

6.6 In-vitro Attack of Paper by Selected Fungi and its Control by Gamma
Radiation

At the beginning of 2015, an agreement was signed with the National University of

La Plata, in order to work on the following subjects:

(a) Resistance of abaca paper to attack by Chaetomium globosum LPSC 259 and

gamma radiation.

(b) Resistance of Capitol Bond paper to attack by Cladosporium cladosporioides

LPSC 1088 and gamma radiation.

(c) Resistance of an adhesive, methylcellulose, to attack by both Chaetomium

globosum LPSC 259 and Cladosporium cladosporioides LPSC 1088 and

gamma radiation.

The papers were exposed to the inoculation with biodeterioration causing fungi

as Chaetomium globosum LPSC 259 y Cladosporium cladosporioides LPSC 1088.

In this sense, two experiments were done:

(a) Inoculation of sexual spores of Chaetomium globosum LPSC 259 on circle

probes of abaca paper (8 cm in diameter) that were incubated axenically

under two humidity levels (65 and 95%) at 28 �C. Paper probes free of spores

were incubated under the same conditions.

(b) A suspension of conidia from Cladosporium cladosporioides LPSC 1088 was

applied to probes (20 mm 9 250 mm) of Capitol Bond paper according to

Tappi T494 om96 test, which were then incubated at 75% humidity and 28 8C
during 5 months. No signs of fungal deterioration were found in the Capitol

Bond probes. This is possibly due to the presence of antifungal compounds in

the composition of paper, which might have limited the fungal growth and its

effect on the paper quality. However, the spores of Chaetomium globosum,

when inoculated in abaca paper, germinated both under 65 and 95% of

humidity. They showed pigmented sexual structures after 1 month of

incubation (Fig. 3). These last probes were exposed to gamma radiation at

3 and 8 kGy. They were then characterized by Fourier transform infrared

(FTIR) spectroscopy. Although the results obtained are still preliminary, the

FTIR analysis upon the irradiated abaca paper, as compared to non-irradiated

sample, suggests that the chemical structure of paper was not affected.

However, additional analyses are still necessary in order to evaluate whether

their behavior is affected by the absorbed dose. At present, the effects on

methylcellulose of fungal alteration and gamma radiation are being analyzed.
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6.7 IAEA Technical Co-operation Project RLA/0/058

The laboratory is currently taking part in the International Atomic Energy Agency

(IAEA) Technical Co-operation Project RLA/0058 on the ‘Use of nuclear

techniques for conservation and preservation of cultural heritage objects’. Twelve

Latin American countries: Argentina, Bolivia, Brazil, Chile, Costa Rica, Cuba,

Ecuador, Mexico, Panama, Peru, Dominican Republic, and Uruguay are participat-

ing in the project, Argentina being the project leader. Its objective is to promote and

harmonize the use of nuclear techniques in support of cultural heritage preservation

and characterization.

The LCRD experience on the benefits of the technique was presented at the IV

International Conference on Intervening and Preventing Conservation of Cultural

Heritage, Buenos Aires, Argentina, April 4–7, 2016. Particular cases as well as

loads of infected material were analyzed.

6.8 Dissemination of the Use of Gamma Radiation for the Treatment Of
Fungal Infections

Given the low acceptance of the technique, principally due to limited knowledge,

the LCRD has faced up to its dissemination. Regarding the general public, the

laboratory has been present at scientific fairs for 3 years and spread general

information by means of leaflets, institution Web sites, Facebook, etc. The

laboratory has participated in a Conference of Preservation of Cultural Heritage

objects at Roffo Hospital, especially aimed at museum curators, librarians,

archivists, and other potential users of the technique.

Recuperation of wet bibliographical material on paper support [16] was also

presented in national and international seminars and conferences. In addition, some

workshops were organized for other institutions.

Fig. 3 Probes of abaca paper
colonized by Chaetomium
globosum LPSC 259, showing
several pigmented peritecia
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7 The Future

For the near future, it is expected to continue with the dissemination of the results

obtained in our laboratory. As a complement of the activities done so far, we will

deepen our study of the effects of gamma radiation on photographs and different

inks.

8 Conclusions

Gamma radiation treatments were systematically applied to several heritage

documents in CNEA for more than 10 years. They have contributed to solve

biodeterioration problems caused by inadequate handling or storing conditions or by

natural factors.

Similarly to what happens with alternative methods of preservation or

conservation, radiation technology has both strengths and weaknesses, which

always have to be taken into account. It is considered that the main difficulty for a

generalized use of these techniques is certainly the resistance that conservation

professionals have towards radiation technology. This is attributed mainly to

misconcepts or preconception emerging from insufficient knowledge in the matter.

Designing a communication strategy is mandatory in order to reverse this situation.
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Chea-González A, Cupull-Santana R (2014) Aspergillus sclerotiorum: riesgo para la herencia cultural

y lasalud. UniversitasScientiarum 19(3):323–332. doi:10.11144/Javeriana.SC19-3.asrh

19. Choi Hye Jung, Sang Myeong Lee, Sun-HeeKim Dong Wan, Kim Young, Choi Whan, HongJoo Woo

(2012) A novel Helicosporium isolate and its antimicrobial and cytotoxic pigment. J Microbiol

Biotechnol 22(9):1214–1217

20. Cragg SM et al (2015) Lignocellulose degradation mechanisms across the tree of life. Curr Opin

Chem Biol 29:108–119

21. Cutrubinis M, Tran K, Bratu E, Caillat L, Negut D, Niculescu G (2008) International Conference on

Wood Science for Preservation of Cultural Heritage. In: Disinfection and consolidation by irradiation

of wooden samples from three Romanian churches: Mechanical and biological factors. Museu Diego

de Sousa, 5-november de 2008, Braga
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ciación Española de Normalización y Certificación (AENOR), p 6

64. US Department of Health and Human Services (1987) Toxicology and carcinogenesis studies of

ethyleneoxide. CASN875-21-8 Technical Reports Series No 326, p 117

65. Valentı́n N (2010) Biodeterioro de libros y documentos en Conservación Preventiva enArchivos y

Bibliotecas. IPCE. Ministerio de Cultura, pp 36–45

66. Valentı́n N (2008) El Biodeterioro de los Bienes Culturales. Materiales Orgánicos. La Ciencia y
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Abstract Food irradiation is over 100 years old, with the original patent for X-ray

treatment of foods being issued in early 1905, 20 years after there discovery by W.

C. Roentgen in 1885. Since then, food irradiation technology has become one of the

most extensively studied food processing technologies in the history of mankind.

Unfortunately, it is the one of the most misunderstood technologies with the result

that there are rampant misunderstandings of the core technology, the ideal appli-

cations, and how to use it effectively to derive the maximum benefits. There are a

number of books, book chapters, and review articles that provide overviews of this

technology [25, 32, 36, 39]. Over the last decade or so, the technology has come into

greater focus because many of the other pathogen intervention technologies have

been unable to provide sustainable solutions on how to address pathogen contam-

ination in foods. The uniqueness of food irradiation is that this technology is a non-

thermal food processing technology, which unto itself is a clear high-value differ-

entiator from other competing technologies.
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1 Introduction

Today, the food industry has to deal with issues that span food safety, food quality,

food security, and food defense [36]. In addition to these critical issues, the issue of

waste minimization, valorization of food wastes, and environmental sustainability

are all critically important. The global population is estimated to grow to around 11

billion by 2050 [23]. Along with this sharp increase in population is the growing

economic ‘‘middle class’’ all around the world. This growing segment of the

population opens up new opportunities for food companies to become global and

cater to this consumer base worldwide. Today’s consumers want all types of foods

year-round in conveniently sized packages. Many of today’s food processing

technologies may become obsolete in the years to come, and there are probably

many more technologies that are yet to be conceived of and tested. Nevertheless, the

future is bright for food processing technologies to offer consumers ‘‘fresh’’,

‘‘chemical-free’’ foods, year-round. This chapter is designed to provide an overview

of the applications of food irradiation in the food industry.

The chapter is divided into multiple sections to facilitate enhanced appreciation

of the value of this technology and the varied applications of this technology in the

food industry. There is a discussion of the core underlying technology, mechanisms

of microbial inactivation, international regulations related to food irradiation,

phytosanitary treatment applications, poultry and meat pasteurization, and spice

decontamination. The value of electron-beam (e-beam) technology as a stand-alone

technology or used in combination with other complementary technologies is also

discussed. The chapter concludes with a discussion of how the value proposition of

this technology should be effectively communicated using quantitative microbial

risk assessment (QMRA) and the issue of ‘‘consumer acceptance’’.

2 Underlying Technology

Food irradiation technology is part of the same electromagnetic spectrum which

includes radiowaves, incandescent lights, TV broadcasts, microwaves, UV radia-

tion, and cosmic radiation [5]. The electromagnetic spectrum is made up of both

ionizing and non-ionizing radiation frequencies. Food irradiation employs the

ionizing radiation frequencies and therefore they have significant energy [25]. The

primary difference between ionizing and non-ionizing radiation is based on their

respective energies as to whether they can ionize the atoms they come into contact

with [5]. Gamma irradiation, X-ray irradiation, and e-beam irradiation, the three

main types of food irradiation technologies used around the world are all able to

‘‘kick’’ electrons out of their orbital shells on atoms, thereby ‘‘ionizing’’ the atoms.

Hence the term, ‘‘ionizing radiation’’.

Food irradiation relies on either gamma irradiation (from radioactive isotopes

such as cesium-137 or cobalt-60), X-rays [from X-ray tubes or linear accelerators

(LINAC)], and electron beam irradiation (from linear accelerators or other

accelerating structures). Worldwide, food irradiation can use any of the above
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mentioned three irradiation technologies [31]. There are fundamental differences

between the three irradiation types in terms of their energy profiles, how they are

produced, their respective shielding requirements, as well as the regulatory

environment around each of these technologies. Radioactive source materials such

as cobalt-60 and cesium-137 (produced in nuclear reactors) are the main source for

gamma irradiation. Gamma irradiation is primarily photons and they do not have

any mass. Therefore, they have high penetrating power in terms of their ability to

penetrate through materials of varying bulk density. Generally speaking, the

penetrating power of ionizing radiation is a function of their energy (measured in

electron volts or million electron volts). Gamma irradiation from cobalt-60 have

energy profiles between 1.17 and 1.33 MeV. Gamma irradiation from cesium 137 is

in the 0.662 MeV range. In addition to the ionizing radiation energy, another

parameter associated with food irradiation technology is the dose rate, i.e., the rate

at which the energy is deposited in the target material. Dose rate, therefore, will

translate into the processing line speeds when these technologies are employed. The

dose rate of gamma irradiation is significantly lower than commercial scale X-ray or

e-beam irradiation processes [25]. Thus, an understanding of the dose rate is critical

when evaluating processing line speeds and economics.

Gamma irradiation relies on radioactive sources such as cobalt-60 and cesium-

137, which are potential terrorist targets, international agencies such as the

International Atomic Energy Agency (IAEA) and the US Defense Threat Reduction

Agency (DTRA) are attempting to replace isotope-based technology with linear

accelerator-based e-beam and X-ray technologies. The US National Academy of

Science published a report in the early 2000s about the challenges and the need to

replace radioactive materials from commercial applications [27]. Today, the limited

availability of cobalt-60, the cost of purchasing cobalt-60, the challenges of

transporting the material to the commercial facility, the cost of safeguarding cobalt-

60 and the cost of replenishing and disposing cobalt-60 all preclude gamma

irradiation technologies having any economic value in the future.

Electron beam and X-ray technologies are also examples of ionizing radiation

technology. However, the primary difference as compared to gamma irradiation is

that e-beam and X-ray are not based on radioactive source materials. e-beam and

X-ray technology are generated from commercial electricity and therefore are truly

on–off technologies. The equipment that generates e-beams and X-rays are

generally called ‘‘linear accelerators’’. There are different types of accelerators

depending on the energy, the possible processing line speeds, the electrical

efficiency, etc. [2]. In terms of commercial e-beam accelerators there are three

types, namely DC (direct current) accelerators, CW accelerators, and pulsed

accelerators (Table 1).

Since high penetrating power of electrons is always desirable, the 10 MeV

(Rhodotron and LINAC-style) accelerators are finding increased applications in

food irradiation. Figure 1 shows a LINAC-style accelerator with the accelerating

structure, the sub-components, and the e-beam horn atop the conveyor belt that

brings the product under the e-beam. In the US, food irradiation is regulated

(depending on the application) by the FDA (Food and Drug Administration), the

USDA–FSIS (United States Department of Agriculture-Food Safety Inspection
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Service), and the USDA-APHIS (United States Department of Agriculture-Animal

and Plant Health Inspection Service).

X-rays are produced from LINAC or Rhodotron-style accelerators. X-ray

generation from an e-beam in a LINAC is based on the placement of a very high

atomic mass material, such as tantalum or gold, directly in the path of a stream of a

high-energy (5 or 7.5 MeV) e-beam. The collision of high-energy electrons results

in the formation of X-ray photons. X-ray photons are similar to gamma irradiation

in that they have penetration capabilities (compared to e-beams). However, the

energy of X-rays (either 5 or 7.5 MeV) is significantly greater than the energy of

cobalt-60 based gamma irradiation. Another major advantage of X-ray photons

compared to gamma photons is that the X-ray dose rate (*100 Gy/s) is significantly

greater than that of gamma photons (*100 Gy/min) [14]. Figure 2 is a schematic of

e-beams and X-rays from a LINAC-type accelerator.

Table 1 Comparative differences between DC, CW, and pulsed accelerators Adapted from Brown [2]

Parameter DC accelerator CW accelerator Pulsed accelerator

Genre Dynamitron-style Rhodotron-style LINAC style

Maximum energy used

commercially

5 MeV 7.5–10 MeV 10 MeV

Power (commercial line

speeds possible)

High power: as high

as 100 kW

High power: as high

as 800 kW

Limited: maximum

around 20 kW

Electrical use efficiency High Medium Low

Physical size Large Medium Small

Fig. 1 Schematic representation of a LINAC-style accelerator for food processing. Figure courtesy of
Yang Bin, Tianjin, China
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Worldwide, the maximum energy for e-beam technology that can be used for

food irradiation is 10 MeV. The reason for this upper limit on energy is that higher

energies could potentially induce transient radioactivity in highly dense materials

such as bones. The international harmonization entity, Codex Alimentarius,

regulates the use of irradiation technology for transboundary shipment of foods.

This multinational body has also established 10 MeV energy (similar to the US) as

maximum e-beam energy for food irradiation. In the US, e-beam energies as high as

7.5 MeV can be used to generate X-rays for food irradiation. However, worldwide

the maximum energy for X-ray is still set at 5 MeV.

3 Mechanisms of Microbial Inactivation During Ionizing Radiation

Assume a case-ready package of ground beef is being irradiated either by gamma,

X-ray, or e-beam processing. The photons or the electrons will first pass through the

packaging before it encounters the food material. When ionizing radiation

encounters the packaging material, ionization events take place in the cardboard

and associated packaging materials. The electrons that are ejected from their orbital

shell then in turn hit electrons in adjoining atoms creating a series of such ionization

events. Many of these electrons and secondary electrons enter the food. Once these

energized electrons or the primary photons or the primary electrons enter the food,

similar ionization events take place. The photons or electrons encounter both the

liquid components of the food, as well as the solid components of the food. When

ionizing radiation encounters water molecules, the water molecule is ionized with

the result that hydrolysis occurs and highly reactive (but extremely short-lived free

radicals) are formed. These free radicals cause further radiolysis in addition to

Fig. 2 Schematic representation of e-beam irradiation and X-ray irradiation using the LINAC-style
accelerator
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causing double- and single-strand breaks in the DNA of the biological entities on the

food. This type of DNA damage is termed ‘‘indirect DNA damage’’. In contrast to

the indirect DNA damage, ‘‘direct DNA damage’’ occurs when the photons or

electrons directly encounter the DNA molecule and cause single and double strand

breaks (because ionization occurs directly on the DNA molecule when electrons are

stripped off).

The free radicals formed during the radiolysis of water (e.g., hydroxyl radicals,

H? ions, hydrated protons, hydrogen peroxide) do not discriminate between

pathogenic microorganisms and normal food associated microbes. The effects of

hydrolysis depend on the amount of energy absorbed per unit mass of material (i.e.,

absorbed dose). The DNA is the largest biomolecule in the cell, and therefore, it is

the most ionizing radiation sensitive molecule in cells. The microbial cell is capable

of repairing single and double stranded breaks in its DNA. However, if the double-

strand breaks are juxtaposed across each other in different strands of the DNA, the

microbial cells are incapable of repairing this type of damage. It is estimated that

with each 1 kGy of ionizing radiation exposure as many as between 10 and 100

double-strand breaks occur. It is precisely for this reason that when food is treated

with ionizing radiation, the decline in the bacterial bioburden results in extended

shelf-life. Double strand breaks are the most lethal form of DNA damage because

they halt DNA replication. With increasing dose, ionizing radiation can also affect

plasmid DNA, RNA molecules, cellular membranes, and even structural and

functional proteins (e.g., enzymes). It should be mentioned that the bacterial cells do

try to repair the damage that has occurred during ionizing radiation. The cells

attempt to repair their DNA damage using a variety of specific and non-specific

repair mechanisms such as methyl-directed mismatch repair, guanine oxidations,

nucleotide excisions, base excisions, recombination repairs, as well as the generic

SOS repair systems.

Structural proteins, catalytic proteins (enzymes), and most vitamins are not

damaged at doses regularly used in food irradiation [38]. Exposure to very high

doses can, however, cause damage to macro molecules such as proteins. The reason

that maturation is retarded or inhibited is because the genes of many of these

enzymes may have been structurally damaged during the double-strand and single-

strand breaks. Previous studies have shown that for a dose of 100 Gy (0.1 kGy),

2.8% of the DNA, 0.14% of enzymes, and 0.004% of amino acids will be damaged.

Taken together, the indirect DNA damage occurs as the net result of radiolysis of

water, formation of free radicals, toxic oxygen derivatives, and cellular damage

from free radicals and toxic oxygen derivatives. Foods and packaging materials

contain a variety of free radical scavengers making these free radicals short lived. It

is virtually impossible to measure free radicals in irradiated foods.

The comparative resistance or sensitivity of microorganisms towards ionizing

radiation can be understood by their respective D-10 values. The D-10 value is the

dose required to achieve a 90% reduction (i.e. 1-log unit decline) in microbial

populations. Commercial food irradiation processing dose limits are set based on the

approximate log reductions that are desired. The factors controlling radiation

resistance include the general physiological differences between the microbial cells

(for example the D-10 value of E. coli is 0.1 kGy while the D-10 value of
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Salmonella spp is 0.2 kGy), the physical state of the food (fresh/refrigerated as

compared to frozen), the type of food (fresh produce vs ground beef vs. poultry),

presence/absence of oxygen, and the atmosphere within the food package, as well as

the physiological state of the pathogen (for example, if the cells have been exposed

to acid stress or nutritional stress) [6]. Table 2 is an illustrative example of how the

D-10 values of organisms could vary depending on the product temperature,

organism type, and packaging conditions.

4 Regulations Governing Food Irradiation Around the World

4.1 United States

The FDA, USDA–FSIS, and USDA-APHIS are the federal agencies that regulate

the use and doses that are permitted for foods for human consumption. In the US,

there are separate food irradiation regulations for human foods and pet foods. The

maximum doses that can be used, the types of food on which this technology can be

used, and the specified labeling requirements are hallmarks of US-based food

irradiation regulations. In the US, food irradiation is governed by the 1958 Food

Additives Amendment of the Food Drug and Cosmetic (FD & C) Act as a ‘‘food

additive’’. This designation has resulted in regulatory burdens on the industry in

adopting food irradiation. Per this act, food additives have to be specifically labeled

with the radura symbol and must state the phrase ‘‘treated with radiation’’ or

‘‘treated by irradiation’’. Thus, all irradiated foods that are sold at retail have to have

this labeling at the point of sale. The FDA also has specific stipulations as to the

type of packaging materials that can be used, the maximum dose that these materials

can receive, etc. Presently, in the US, the following foods are permitted to be treated

with ionizing radiation (either gamma, e-beam, or X-ray). The foods include fresh

Table 2 Varying D-10 values as a function of pathogen type, product type, product temperature,

atmospheric conditions within package Information compiled from various published research

Product type Product temperature (�C) Pathogen D-10 value (Gy)

Ground beef patties 5 E. coli 0157:H7 0.27–0.38

Ground beef patties -15 E. coli 0157:H7 0.32–0.63

Ground beef 3 Salmonella enteriditis 0.55–0.78

Beef 5 E. coli 0157:H7 0.30

Beef 3 Yersinia enterocolitica 0.10–0.21

Beef 5 Staphylococcus aureus 0.46

Ground beef 5 Campylobacter jejuni 0.16

Deboned meat 5 B. cereus spores 2.56

Beef 5 L. monocytogenes 0.45

Poultry (air packed) 0 Salmonella heidelberg 0.24

Poultry (vacuum packed) 0 Salmonella heidelberg 0.39
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fruits and vegetables, meat (from cattle, sheep, swine, and goat), poultry, shell eggs,

iceberg lettuce and fresh spinach, spices, seeds for sprouting, molluscan shellfish.

Table 3 lists the dose limits and the foods that can be treated with ionizing radiation

in the US.

As can be seen from the above table, there are specific maximum dose limits.

Also important to note is that for items such as fresh produce, one cannot use

ionizing radiation and claim that pathogens are eliminated (because the regulation is

specifically approved for only the use of this technology for growth/maturation

inhibition. Only iceberg lettuce and spinach are currently permitted for use for

‘‘pathogen elimination’’ by this technology.

In the US, ionizing radiation is permitted for treating animal diets (bagged

complete diets, packaged feeds, feed ingredients, bulk feeds, animal treats, and

chews). However, the dose cannot exceed 50 kGy. For complete poultry diets and

poultry feed ingredients, the dose cannot be below 2 kGy and cannot exceed

25 kGy. The upper dose limit is based on the assumption that the irradiation

treatment is being used to control Salmonella spp. Importantly, if an irradiated feed

ingredient is less than 5% of the final product, the final product can also be

irradiated without being considered re-irradiated.

The FDA also has specific regulations regarding the packaging that can be used

for commercial food irradiation (Table 4).

Table 3 List of foods and food items permitted for ionizing radiation treatment in the United States

[FDA, CFR 179.26(b)]

Food/Food-related item Specific application Maximum allowable

dose (kGy)

Fresh, non-heated processed pork Pathogen control 0.3–1.0

Fresh/frozen uncooked poultry products Pathogen control 3

Refrigerated, uncooked meat products (sheep,

cattle, swine, and goat)

Pathogen control 4.5

Frozen uncooked meat products (sheep, cattle,

swine, and goat)

Pathogen control 7

Fresh/frozen molluscan shellfish Pathogen control 5.5

Fresh shell eggs Pathogen control 3.0

Dry or dehydrated spices and food seasonings Microbial disinfection 30

Fresh produce Growth and maturation

inhibition

1

Fresh produce Insect disinfestation 1

Fresh iceberg lettuce and fresh spinach Pathogen control 4.0

Seeds for sprouting Pathogen control 8.0

Dry/dehydrated spices and food seasonings Microbial disinfestation 30

Dry/dehydrated enzyme preparations Microbial disinfestation 10

Wheat flour Mold control 0.5

White potatoes Inhibit sprouting 0.15
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4.2 European Union

Contrary to what is generally believed, food irradiation is legal in the European

Union per Articles 7(3) and 3(2) of Directives 1999/2/EC of the European

Parliament. The irradiation of dried aromatic herbs, spices, and vegetable seasonings

is authorized within the EU by Directive 1999/3/EC. There is a community list of

food and food ingredients that can be treated with ionizing irradiation. In addition to

this community list of foods and food ingredients, seven member states have their

own list of foods and food ingredients that are above and beyond the community

list. Unlike the US, the EU’s labeling of irradiated foods is tighter. In the EU any

irradiated foodstuff containing one or more irradiated food ingredients must be

labeled with the words ‘‘irradiated’’ or ‘‘treated with ionizing radiation’’. Therefore,

if an irradiated product is used as an ingredient (e.g., spices on a pizza) the same

words shall accompany its designation in the list of ingredients. In the case of

products sold in bulk, these words should appear together with the name of the

product on a display or notice above or beside the container in which the products

are placed. Currently, Belgium, Bulgaria, Czech Republic, Germany, Estonia,

France, Spain, Hungary, the Netherlands, Poland, and Romania treat one of more

foods or food ingredients by ionizing radiation. Table 5 is a listing of the countries

and the food items that are being commercially irradiated in the European Union.

Within the EU, the member states have established data on the administered

doses for specific food items such as spices (Table 6).

The European Food Safety Authority (EFSA) in 2011 recommended that

irradiation should be considered as one of several approaches to reducing pathogens

in food, and this technology should be integrated into a multi-hurdle strategy,

thereby assuring public health protection [9]. The EFSA panel also confirmed the

Table 4 Selected packaging materials for use during irradiation of prepackaged foods per FDA, 21 CFR

179.459(b)

Packaging material Maximum approved ionizing irradiation dose (kGy)

Nitrocellulose coated cellophane 10

Glassine paper 10

Wax-coated paperboard 10

Polyolefin film 10

Kraft paper 0.5

Polyethylene terephthalate 10

Polystyrene film 10

Vinylidene chloride-vinyl chloride co-polymer 10

Ethylene vinyl acetate co-polymer 30

Polyethylene (basic polymer) 60

Polyethylene terephthalate film 60

Nylon 6 (polyamide-6) 60

Vinyl chloride-vinyl acetate co-polymer film 60
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toxicology and chemical safety of irradiated foods [10]. Importantly, they also

recommended that food irradiation should be based on risk assessment and on the

desired risk reduction rather than on predetermined food classes, commodities, and

doses. They also recommended that upper dose limits should not be specified but

rather based on undesirable sensory chemical changes that may happen at increasing

doses.

4.3 China

Among all countries, China irradiates the largest volume of food. A total of

approximately 150,000 tons of food was commercially irradiated in China in 2005

[24]. By volume, the irradiated chicken feet sold as a snack in convenience stores in

China is amongst the largest commodity that is treated by ionizing radiation

anywhere in the world. Today, the volumes are thought to be in excess of 250,000

tons. In China, the Ministry of Public Health approved food irradiation by different

Table 5 Listing of EU countries and food items that are commercially irradiated (data from 2011)

EU country Food and food ingredients irradiated

Belgium Dehydrated blood, egg white, fish, shellfish, shrimp, frog legs,

gum Arabic, herbs and spices, poultry, rice meal, vegetables

Czech Republic Herbs and spices

Germany Herbs and spices

Estonia Herbs and spices

Spain Herbs and spices

France Frog legs, gum Arabic, herbs and spices, poultry

Hungary Herbs and spices

The Netherlands Egg whites, fish, shellfish, shrimp, frog legs, herbs and spices,

poultry, dehydrated products

Poland Herbs and spices

Table 6 The administered

doses of irradiation on aromatic

herbs, spices, and dried

vegetable seasoning in some of

the EU members (European

Commission 2015)

Country Administered dose (kGy)

Belgium 4–7.9

Czech Republic 5.66–9.92

Germany 5–10

Estonia 10

Spain 9.31

France 5–10

Hungary 2–10

The Netherlands 4–8

Poland 5–10
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classes (EU 2009—EU Report on China). There are six mandatory national

standards in terms of the foods that can be irradiated, the maximum dose, the

packaging, and labeling requirements. The different food classes are (1) fruits and

vegetables, (2) beans and grains, (3) poultry (fresh, chilled/frozen) and meats, (4)

cooked meats, (5) spices and dehydrated vegetables, and (6) dried fruits and nuts.

China’s approved list of packaging materials closely resemble that of US and

Britain. The maximum dose for cardboard is set at 10 kGy, while polyethylene-

polyvinyl acetate co-extruded film the maximum is 30 kGy. Nylon 11 has a

maximum dose limit of 10 kGy, while nylon 6 has a maximum dose limit of 60 kGy

(USDA, Grain report 2014).

4.4 India

In India, the regulations governing commercial food irradiation are covered by.

Sections 1.2 and 2.13 of the 2011 Food Safety and Standards (Food Products

Standards and Food Additives) regulations. In November 2015, the Indian food

regulatory agency, Food Safety and Standards Authority of India (FSSAI), proposed

a revised set of standards for foods and allied materials (Tables 7, 8). In January

2016, India notified the World Trade Organization (WTO) about the revised food

irradiation standards. The Indian food irradiation regulations classify foods and

associated materials in different classes.

In India, like the US, all irradiated foods have to be labeled with the radura logo

in green with information about the product identity, purpose of radiation

processing, radiation processing facility, and date of processing.

5 Phytosanitary Applications of Ionizing Radiation

Ionizing radiation technology is gaining widespread applications around the world

for treating agricultural produce to eliminate insects and pests. There are strict

global standards that govern the use of different technologies (e.g., methyl bromide,

hot water treatment, ionizing radiation) for treating agricultural commodities in

transboundary shipments. The International Plant Protection Convention (IPPC) is

an international agreement focused on preserving standardization of plant health

practices around the world to prevent the accidental introduction of regulated pests

and pathogens. Consumers around the world desire fresh fruits and vegetables year-

round. To meet this growing need, countries around the world are looking at their

fresh fruit and vegetable exports as of high economic value. The intrinsic value of

fresh produce has spurred the creation of a number of bilateral agreements for the

imports/export of fresh produce. The United States has signed such bilateral

agreements with many countries around the world. This has allowed the US

consumer to access exotic fruits and vegetables which hitherto were unavailable.

The USDA-APHIS (Animal and Plant Health Inspection Service) has established

protocols for the use of ionizing radiation (either gamma or X-ray or e-beam

technology) for treating specific agricultural commodities from specific countries.

There is a growing trend in employing ionizing radiation as a phytosanitary
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Table 7 Indian regulations governing ionization irradiation dose limits and applications for different

classes of foods

Class Food type Application Dose limits (kGy)

Minimum Maximum

1 Bulbs, stem, and root tubers and rhizomes Inhibit

sprouting

0.02 0.2

2 Fresh fruits and vegetables (other than class 1) Delay ripening 0.2 1.0

Insect

disinfestation

0.2 1.0

Shelf-life

extension

1.0 2.5

quarantine 0.25 1.0

3 Cereals and their milled products, pulses and their

milled products, nuts, oil seeds, dried fruits, and

their products

Insect

disinfestation

0.25 1.0

Bioburden

reduction

1.5 5.0

4 Fish, aquaculture, seafood and their products (fresh

or frozen), and crustaceans

Pathogen

elimination

1.0 7.0

Shelf-life

extension

1.0 3.0

Control of

protozoan

parasites

0.3 2.0

5 Meat and meat products including poultry (fresh and

frozen) and eggs

Pathogen

elimination

1.0 7.0

Shelf-life

extension

1.0 3.0

Control of

protozoan

pathogens

0.3 2.0

6 Dry vegetables, seasonings, spices, condiments, dry

herbs and their products, tea, coffee, cocoa, and

plant products

Bioburden

reduction

6.0 14.0

Insect

disinfestation

0.3 1.0

7 Dried foods of animal origin and their products Pathogen

elimination

2.0 7.0

Control of

molds

1.0 3.0

Insect

disinfestation

0.3 1.0

8 Ethnic foods, military rations, space foods, ready-to-

eat, ready-to-cook, and minimally processed foods

Bioburden

reduction

2.0 10.0

Quarantine

application

0.25 1.0

Sterilization 5.0 25.0
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treatment technology. The technology has minimal impact on commodity quality, is

environmentally friendly, is a sustainable alternative to methyl bromide, and may be

the only practical treatment option for certain commodities in some circumstances.

This technology has been adopted on a large scale in shipments between Vietnam

and China, between Pakistan and the US, between Mexico and the US, between

Australia and the US, and between India and the US. Table 9 shows the steep

increase in volumes of irradiated produce entering the US from different trading

partners that have signed bilateral agreements with the US for shipment of irradiated

produce (for phytosanitary applications). Recent trends suggest that this increase

will continue unabated for at least another 5–10 years.

Table 8 Indian regulations governing dose limits for ionizing radiation processing of food-related allied

products

Allied product Application Dose limits (kGy)

Minimum Maximum

Packaging materials for food and allied products Bioburden reduction 5.0 10.0

Sterilization 10.0 25.0

Food additives Bioburden reduction 5.0 10.0

Insect disinfestation 0.25 1.0

Sterilization 10.0 25.0

Health foods, dietary supplements, and nutraceuticals Bioburden reduction 5.0 10.0

Insect disinfestation 5.0 1.0

Sterilization 10.0 25.0

Table 9 Volumes (kg) of irradiated products entering the US from overseas. (Data only reflects only

those commodities that are treated off-shore and not at port of entry) [20]

India Mexico South Africa Thailand Vietnam Total

2007 0 0 0 195,000 0 195,000

2008 276,000 262,000 0 2,440,000 121,000 3,099,000

2009 132,000 3,559,000 0 2,247,000 117,000 6,055,000

2010 94,000 5,672,000 0 1,540,000 754,000 8,060,000

2011 80,000 5,539,000 0 743,000 1,445,000 7,807,000

2012 217,500 8,349,500 16,500 937,500 1,764,500 11,286,500

2013 283,000 9,526,000 16,500 1,060,500 1,967,500 12,853,500

2014 265,500 10,119,500 0 843,000 2,293,000 13,617,500
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6 Ground Beef Irradiation

By all estimates approximately 18 million pounds of ground beef is commercially

irradiated in the US for retail and commercial sales. Though the exact figures are

hard to ascertain, it is assumed that 50% of this volume is treated with e-beam

processing. Irradiation by e-beam processing is recognized as the final critical

control point in a validated HACCP (Hazard Analysis and Critical Control Point)

system. e-beam technology if used on the post-packaged ground beef will allow the

ground beef industry to bring foodborne pathogens, such as toxigenic E. coli and

Salmonella spp., to below detection levels [6]. This technology is well suited for

adoption as one of the critical control points (CCP) for the reduction or elimination

of the pathogens of concern to the ground beef industry. It must be highlighted that

conventional sanitation or pathogen intervention techniques such as lactic acid

sprays are ineffective on pathogens internalized inside the product. The ability to

inactivate internalized pathogens without affecting the physical, nutritional or

sensory attribute of the food item is a clear stand out compared to any pathogen

intervention technologies available to the food industry.

The ground beef manufacturer should know the level(s) of the different

pathogens as it is being packaged. This will enable setting the irradiation dose

required for pasteurization of the product. The ground beef manufacturer in

collaboration with the beef processor and the irradiation service provide will

establish the required minimum dose for the different products. The aim is to keep

the bioburden and the pathogen levels if any at extremely low levels. This will allow

the processing of the ground beef at the lowest possible dose. Targeting the lowest

possible dose has a number of upsides. For example, the e-beam processing costs

can be reduced, the safety assurance margin can be kept very large, the e-beam

processing throughput is improved. Most importantly, focusing on lowering the

dose completely negates the anti-irradiation lobby’s claim that the food industry

uses the technology as a ‘‘clean-up’’ technology.

Clemmons et al. [6] has presented an excellent in-depth discussion of how the

ground beef industry could and should partner with e-beam processing facilities to

develop a validated e-beam processing plan. Based on their extensive experience in

managing and operating a commercial e-beam processing facility they suggest that

the shelf-life of ground beef and poultry products can be extended significantly by

employing e-beam technology (Table 10).

7 Microbial Decontamination of Spices

Spice processing has been an important industry for centuries. Spices are both

economically and functionally high value commodities that have introduced a world

of flavors, aromas, and colors to our lives. The definition of a spice differs according

to the country and the region, which is of course not accurate. The term ‘‘spice’’

refers to the dry parts of plants including roots, leaves, and seeds that can impart

certain flavor, color, or pungency [15]. The crop is cleared for dust and dirt after
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being harvested and then washed in water and dried either in the open air or in larger

scale dryers. The dried product is graded, ranked for quality, and packed. However,

along the processing steps, spices and herbs get contaminated with different bacteria

and molds originating from soil, insects, bird, or rodents.

The biggest concern for the spice industry is the presence of foodborne microbial

pathogens such as Salmonella spp., Bacillus cereus, and Clostridium perfringens

and the presence of molds and mycotoxins. Even though spices are used in very

small amounts, the presence of foodborne pathogens in spices can have devastating

effects on public health, the industry as a whole, and the exporting country. The

presence of mycotoxins such as aflatoxins from the fungus Aspergillus spp. has also

become a major industry concern that can be extremely expensive for spice

exporters. Intervention technologies such as ethylene oxide (EO) fumigation, steam,

and irradiation (gamma and e-beam) processing are used worldwide. By all

accounts, EO is the most widely used technology. Though EO fumigation is used

extensively in Asia and US, EO technology it is not approved in the European

Union. Using ionizing radiation for microbial decontamination of spices also

achieves extension of the shelf life in addition to ensuring microbiological safety

[40]. Sharma et al. [35] reported that bacterial counts of commercially available

spices varies between 102–103 CFU/g and 7.5–10 kGy of irradiation will be

adequate to decontaminate pepper, cardamom, and nutmeg. In another study

involving saffron, the D-10 value for the molds, bacterium, and yeasts were reported

to be 0.82, 0.86, and 2.69 kGy respectively, indicating the extreme resistance of

yeasts to ionizing radiation when present on specific spices [12]. Microbial

decontamination of spices by ionizing radiation does not adversely affect the

antioxidant property of cloves, cinnamon, or parsley, nor did it affect the volatile

composition and other organoleptic properties [34]. Overall, the results suggest that

the dose has to be optimized for the commodity in question to achieve the most

desired results. For example attempting to use doses higher than 10 kGy for saffron

can lead to color loss [12].

Table 10 Shelf-life of selected ground beef and poultry products as a function of packaging conditions

and e-beam processing Adapted from Clemmons et al. [6]

Meat product Packaging atmosphere Shelf-life (days)

Non-MAP MAP-non irradiated MAP-irradiated

Fresh ground beef High oxygen 2–3 7–11 Not applicable

Fresh ground beef Low oxygen 2–3 14–21 30–31

Fresh ground beef Non-MAP 2–3 Not applicable 22–28

Beef cuts Vacuum 25–30 Not applicable 47

Fresh ground beef chubs Chub film 14–20 Not applicable C34

Skinless/boneless poultry Case ready 3–9 11–13 *30
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8 Ionizing Radiation Effects on Molds and Mycotoxins

In addition to EO being a toxic chemical, another short-coming of EO is the time

required to achieve the same sterilization or pasteurization compared to that of

ionizing irradiation. Moreover, EO requires at least a 24 h aeration (de-gassing step)

to dissipate the EO residuals. Spice processing by e-beam processing is convenient

especially because of the high throughput processing requirements. Moreover,

e-beam processing is ‘‘less harsh’’ compared to EO in terms of retaining the flavors,

colors, aroma, and antioxidant properties. Some spices or spice blends may be

sensitive to ionizing radiation. However, this sensitivity can be resolved by

combining enhanced GMP with low dose e-beam processing. Spices are the largest

food related commodity that is processed with ionizing radiation around the world.

Spices that are stored and handled under humid conditions have issues related to

mold infestation and subsequent mycotoxin formation. Some molds can produce

mycotoxins that could remain on the product even after the mold has been removed

by heat or by irradiation [3, 4]. Mycotoxins are secondary metabolites of some

species of fungal genera such as Aspergillus spp., Penicillium spp., and Fusarium

spp. Mycotoxins can be carcinogenic, hepatotoxic, mutagenic, teratogenic,

cytotoxic, neurotoxic, immunosuppressive, as well as estrogenic [30]. Therefore,

any technology that can eliminate the contaminating fungi, as well as address

preformed mycotoxins in spices or grains have significant commercial value. It is

well known that ionizing radiation at doses greater than 5 kGy are needed to

achieve effective elimination of fungal growth [1, 7, 16–18, 22]. Published research

suggests also suggests that ionizing radiation when used for insect disinfestation

also results in reduced mold growth since insects also harbor fungal spores and

insect damage tend to promote mold infestation [21].

The literature is, however, unsettled when it comes to the efficacy of ionizing

radiation on preformed mycotoxins [4, 19]. There are different types of mycotoxins

depending on the fungi that produces it. Mycotoxin is a broad term for aflatoxins

(AFs), ochratoxin A (OTA), patulin, fumonosins, zearlenone (ZEN), and tri-

chothecenes [4]. In attempts to reduce ochratoxin A (OTA) and aflatoxins B1, B2,

G1 , and G2 (AFB1, AFB2, AFG1 , and AFG2) in black pepper, [18] applied a range

of 0–60 kGy of Gamma irradiation on mycotoxin concentration ranging from 10 to

100 ng g-1. The maximum mycotoxin reduction at 60 kGy was about 52, 43, 24,

40, and 36% for OTA, AFB1, AFB2, AFG1 , and AFG2, respectively. These results

suggest that even 60 kGy is unable to completely eliminate ochratoxin and

aflatoxins. At the 30 kGy dose (which is the maximum dose FDA allows for spice

decontamination), mycotoxin reduction is less than 30%. Aflatoxins in solutions are

more sensitive to ionizing radiation than AFs on drier substrates [11, 41]. Research

also suggests that doses in the range of 20 kGy (except for patulin) may be required

to obtain a reasonable level of assurance that a majority of the mycotoxins are

inactivated [26]. Patel et al. [29] showed that a synergistic effect of hydrogen

peroxide combined with ionizing radiation to eliminate AF1 in aqueous solutions.

Taken together, the current state of research suggest that the elimination of

mycotoxins by ionizing radiation is a function of the mycotoxin in question, the
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starting mycotoxin concentration, presence of moisture, and synergistic inactivation

effects with other intervention technologies.

9 Quantitative Microbial Risk Assessment and Food Irradiation

The over 100 years of research on ionizing radiation technologies demonstrate

that this is a powerful non-thermal technology that can be applied at varying

doses for various applications in the food industry. There is growing demand for

the use of this technology for phytosanitary treatment (insect disinfestation)

(B1 kGy). Even at the low dose used for phytosanitary treatment, at least 3–4

log inactivation of key bacterial pathogens can occur [37]. Irradiation technology

at higher doses are used around the world to ensure food safety by eliminating

pathogens. Decision makers in government and the retail food industry have to

be empowered with specific actionable information to justify the adoption of this

technology. We need to ‘‘translate’’ the value of this technology not only in

terms of log reductions of pathogens or general statements of protecting public

health, but with specific information in terms of how infections can be avoided

by adoption of this technology. Quantitative Microbial Risk Assessment

(QMRA) is an excellent tool for this purpose [13]. The four component QMRA

framework of hazard identification, exposure assessment, dose–response assess-

ment, and risk characterization, can be used to quantify reductions in microbial

infection risks associated with the application of e-beam processing [8, 33, 37].

Translating the value of adopting ionizing radiation technology in terms of

reduction of potential infections can be used for both microbial risk manage-

ment, as well as risk communication. Quantitative Microbial Risk assessment.

Table 11 shows how QMRA was used in translating the value of this technology

in terms of reducing infection risks associated with potential exposure to Shiga-

toxin producing non-O157 E. coli.

Table 11 Reduction in infection risks from non-O157 STEC contaminated strawberries associated with

1 kGy dose of e-beam processing [37]

Hypothetical initial contamination per strawberry

serving(serving size 150 g)

Potential Infection Risks associated with non-

O157 STEC strains

Without e-beam

processing

With (B1 kGy) e-beam

processing

104 CFU/150 g 5 out of 100

persons

4 out of 1 million

persons

103 CFU/150 g 6 out of 1000

persons

4 out of 10 million

persons

102 CFU/150 g 6 out of 10,000

persons

4 out of 100 million

persons
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10 Consumer Acceptance of Food Irradiation

Many years ago, there was a lot of ‘‘hand wringing’’ about how consumers will not

accept foods that have been processed with ionizing radiation technologies.

However, today it is very evident that consumers will purchase irradiated foods if

irradiated foods are available for purchase in retail stores. Retail sales of irradiated

ground beef, raw oysters, and irradiated fruits and vegetables in the United States

for the past decade or so are testimony to the apparently inaccurate assumptions that

consumers will not accept irradiated foods. Even in the European Union the

irradiation and obvious sales of irradiated foods is testimony to the consumer

acceptance of irradiated foods in the European Union. There is an exponentially

growing market for irradiated foods in Asia, especially in China and India. A

number of studies in the US, Mexico, and elsewhere on the willingness of well-

informed consumers to purchase irradiated foods have demonstrated that if

consumers are provided with accurate, succinct information, they are willing even

to pay a premium for irradiated foods [28]. However, the food industry needs to be

aware that this technology should never be used as a ‘‘clean-up’’ technology.

Consumers have always been skeptical of the food industry using this technology to

cover up poor industry practices during pre-harvest and post-harvest processing.

The food industry should use this technology as a final step of a comprehensive

pathogen reduction and elimination program so that only very high quality food

items are treated with this technology. By doing so, the doses that are employed can

be significantly reduced to achieve significant improvements in public health

(Table 11). The authors are confident that the radura label on irradiated foods will

actually become extremely high value and could be an industry differentiator

between companies that use advanced validated pathogen elimination technologies

to protect public health and those that do not. Moreover, in the context of

transparency, the consumers should be provided with information about the type of

processing that their foods have experienced. Food traceability has become the

cornerstone of a prudent food policy. Food traceability and authenticity are not only

consumer driven but are also driven by concerns of about food adulteration,

mislabeling, food counterfeiting, and food defense [36].
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Abstract Beyond their important economic role in commercial communications,

satellites in general are critical infrastructure because of the services they provide.

In addition to satellites providing information which facilitates a better under-

standing of the space environment and improved performance of physics experi-

ments, satellite observations are also used to actively monitor weather, geological

processes, agricultural development and the evolution of natural and man-made

hazards. Defence agencies depend on satellite services for communication in remote

locations, as well as for reconnaissance and intelligence. Both commercial and

government users rely on communication satellites to provide communication in the

event of a disaster that damages ground-based communication systems, provide

news, education and entertainment to remote areas and connect global businesses.

The space radiation environment is an hazard to most satellite missions and can lead

to extremely difficult operating conditions for all of the equipment travelling in

space. Here, we first provide an overview of the main components of space radiation

environment, followed by a description of the basic mechanism of the interaction of

radiation with matter. This is followed by an introduction to the space radiation

hardness assurance problem and the main effects of natural radiation to the

microelectronics (total ionizing dose, displacement damage and the single-event

effect and a description of how different effects occurring in the space can be tested

in on-ground experiments by using particle accelerators and radiation sources. We

also discuss standards and the recommended procedures to obtain reliable results.
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1 Introduction

Satellites not only have a economically important impact on commercial

communication systems, but they are in general critical infrastructure because

of the services they provide. Satellites gather information which not only improves

our understanding of the space environment and contributes to physics experi-

ments, but is also used to actively monitor weather, geological processes,

agricultural development and the evolution of natural and man-made hazards.

Defence agencies depend on satellite services for communication in remote

locations, reconnaissance and intelligence-gathering. Both commercial and

government users rely on communication satellites to provide communication in

the event of a disaster that damages ground-based communication systems,

provide news, education and entertainment to remote areas and/or connect global

businesses.

The space radiation environment is a hazard to most satellite missions and can lead

to extremely difficult operating conditions for all of the equipment travelling in space.

The performance of the various space systems, such as electronic units, sensors,

power and power subsystem units, batteries, payload equipments, communication

units, remote sensing instruments, data handling units, externally located units and

propulsion subsystem units, is determined by the proper functioning of various

electronic systems. Such systems are highly sensitive to space radiation. Radiation

can lead to a degradation of the device performance or to functional failure of

electronic systems. Moreover, radiation accelerates aging of the devices and

materials.

The space radiation environment is complex as well as dynamic. Electrons and

protons are trapped in the Earth’s magnetic field. The Earth is surrounded by belts of

these particles, called the Van Allen belts [1]. In addition, the magnetosphere and

the Solar system are exposed to a flux of solar charged particles. Since the flux is a

function of the solar activity, it may increase sharply during solar flares. Galactic

cosmic rays that originate from outside of the Solar system consist of highly

energetic heavy ions which can be detrimental to the proper operation of electronic

systems. The characteristics of the radiation environment are strongly dependent on

the date, duration and orbit of the mission.

A rigorous procedure is required to ensure that the environmental forms of

radiation do not compromise the functionality and efficiency of the different devices

during the expected lifetime of the mission. This procedure consists of the detailed

analysis of the mission in order to evaluate the radiation dose absorbed by the

various systems and of all the tests necessary to ensure that all pieces of equipment

operate according to the design specifications.
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2 The Space Radiation Environment

Space radiation is a combination of several components, each with quite complex

dynamics, and is not distributed homogeneously in the Earth magnetosphere. The

concentration and type of particles in the space environment vary significantly with

altitude, angle of inclination, recent solar activity and amount of spacecraft

shielding. Particles present in the Earth’s space radiation environment include:

• Particles trapped by the Earth’s magnetic field (mainly protons and electrons)

• Galactic cosmic rays (protons and heavy ions)

• Solar cosmic rays (protons and heavy ions).

2.1 Trapped particles

The magnetic field is generated within the Earth’s core by the daily rotation of the

Earth, electrical forces within the core and thermal movements. The dynamo

produced in this way sustains a magnetic field which can be closely approximated to

the field of a giant dipole positioned at the Earth’s centre and inclined by 11.3� from
the spin axis. The magnetic field generated by the Earth is called magnetosphere.

The geomagnetic field lines trap charged particles, such as electrons and protons.

These trappedparticles gyrate spirally around themagnetic field lines. Themotion of the

trapped particles forms bands of electrons and protons around the Earth, leading to the

formation of at least two radiation belts that are called theVanAllen radiation belts. The

inner belt [2] is populated by high-energy protons (in the 10- to 100-MeV range) at a

density of about 15 protons/m3 [3] and by electrons (energy range 50–1000 keV), and it

extends from *100 km up to *6000 km in altitude. For satellites on a low Earth orbit

(LEO), such as the many satellites designed to provide telephony and internet services,

these trapped particles represent a hazard to the proper operation of electronic systems

and to the astronauts themselves. The dependenceof the protondose rate in the inner belt

as a function of altitude is shown in Table 1.

The outer belt is populated by electrons extending up to 60,000 km in altitude

and with energies of up to 10 MeV. This belt is more dynamic than the inner belt

and is influenced by the injection of particles from geomagnetic storms. The outer

radiation belt coincides with the geostationary orbit of many communication

satellites. Properties of the Earth’s radiation belts are summarized in Table 2 and

Fig. 1 [4].

Table 1 Proton dose rate in the

inner radiation belt as function

of altitude

Orbit altitude (km) Proton dose rate (Sv/day)

0� 45� 90�

300 0.05 0.05 0.05

500 0.16 0.16 0.16

2500–3000 110.00 26.00 18.00

7500 2.60 3.40 2.40
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The Earth’s magnetic field centre does not coincide with its geographical centre

because the magnetic poles are not located on its geographic poles. Consequently, the

VanAllen belts are slightly closer to the Earth on one side and slightly further away on

the other side. They are closest to the South Atlantic area, which is known as the South

Atlantic Anomaly (SAA), illustrated in Fig. 2, which has a relatively higher

concentration of protons at lower altitudes (\1000 km). This asymmetry results in a

spacecraft on an orbital flight being exposed to a much higher flux of protons when it

passes through the SAA thanwhen it passes though other locations at the same altitude.

2.2 Galactic Cosmic Rays

Cosmic rays were discovered in 1912 by Victor Franz Hess who, with the help of

balloons, showed that ionization increases with altitude. Many years of research and

the ability to get above the atmosphere, thanks to several space programmes, have

provided evidence demonstrating that the Earth is bombarded by a nearly isotropic

Table 2 Characteristics of the Earth’s radiation belts

Particle Energy Extension (Earth radii)

Earth

e- 1 keV–7 MeV 1–10

p? 1 keV–300 MeV 1–7

e, Electron; p, proton

Fig. 1 Scheme of the Van Allen radiation belt. NASA National Aeronautics and Space Administration,
GPS global positioning system
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flux of energetic charged particles. Beyond the atmosphere, cosmic rays consist

predominantly of protons (about 90%) and helium nuclei (almost 10%), but heavy

nuclei are also part of the primary cosmic rays (Fig. 3).

Once these particles arrive in Earth’s atmosphere, they interact with the nuclei of

atmospheric molecules to form, in a cascade process, new particles that project

forward, called secondary cosmic rays. Galactic cosmic rays (GCRs) travel at close to

the speed of light, have huge energies ([GeV) and appear to have been travelling

Fig. 2 Intensity of protons and electrons at an altitude of 500 km, estimated by AP8-MIN and AE8-MIN
models, respectively [5, 6]. The South Atlantic Anomaly can be clearly seen in the Atlantic Ocean close
to southeast coast of Brazil

Fig. 3 Relative abundance of galactic cosmic rays (GCR) for different ion species at energies of about
2 GeV/nucleon as a function of the atomic number [8]
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through the galaxy for some ten million years before intersecting the Earth. They are

partly deviated by the Earth’s magnetic field and have easier access to the Earth at the

poles compared with the equator. The Earth’s surface is protected from these particles

by geomagnetic shielding as well as by the atmosphere. The primary cosmic rays

interacting with air nuclei generate a cascade of secondary particles comprising

neutrons, protons, mesons and nuclear fragments. The intensity of radiation builds up

to a maximum at an altitude of 18,000 m and then slowly drops off at sea level.

The penetration of these GCRs into the vicinity of the Earth is influenced by solar

activity, which emits a continuous wind of ionized gas or plasma that extends

beyond the solar system. The strength of the solar wind influences the flux of cosmic

rays reaching Earth. This effect is referred as solar modulation and depends on solar

activity. There is an 11-year cycle in solar activity, and we are currently

experiencing a decreasing phase of solar cycle 24 (Fig. 4), with the last solar

maximum having occurred in 2013, at which time the GCR were less intense.

The GCRs are a major radiation concern for long-term missions outside the

Earth’s magnetosphere. In addition, since they have high energies, most of them

pass through the magnetosphere and are observed at LEOs. The flux of GCRs is

therefore a possible hazard to spacecraft electronics because GCRs cannot be

shielded due to their high energy.

2.3 Solar Cosmic Rays/Solar Particle Events

The solar wind mostly consists of high-energy electrons and protons, and the

particle plasma of the solar wind travels through space at an average velocity of

approximately 400 km/s. The average proton densities, in absence of any major

solar events, are in the order of 1–10 protons/cm3.

Intense magnetic activities are the origin of Sunspots, which are colder areas

where the strong magnetic field blocks the transport of heat. The magnetic field also

causes strong heating in the corona of the Sun, forming active regions that are the

source of intense Solar Flares where huge amounts of plasma are ejected. The real

massive solar flares are called corona mass ejections (CMEs). The CMEs are orders

of magnitude larger than regular solar flares. In a CME event, a huge part of the

Fig. 4 Past and expected future sunspot numbers for solar cycles

Top Curr Chem (Z) (2016) 374:84

123 274 Reprinted from the journal



Sun’s corona explodes, and matter of up to 1010 tons is ejected at velocities of up to

thousands of kilometres per second [9].

Evidence has been found for particle acceleration processes throughout the

heliosphere in the years around the solar maximum, in many cases in association

with shock waves that are caused by the increasing number of solar flares and

CMEs. Near solar maxima the Sun produces three to four CMEs every day, whereas

near solar minima there is only about one CME every 5 days [10, 11]. CMEs are

very unpredictable phenomena and responsible for the emission of mainly electrons

and protons, but there are also heavier ions, such as oxygen and iron, present in the

shockwaves. During these events very large amounts of energy can suddenly be

released in the solar chromosphere through the ejection of accelerated particles into

space. These different processes result in the generation of particles such as solar

energetic particles with energies of up to about 10 MeV/nucleon, which accelerate

in the solar corona and last a few days [12], and energetic storm particles with

energies up to about 500 MeV, which accelerate in the propagating interplanetary

shock and last a few hours [13], and anomalous cosmic rays (ACRs) [14]. Although

the amount of heavier ions in the CMEs is much lower than that in the constant solar

wind protons or electrons, they are more likely to be the cause of problems in the

proper functioning of electronics due to their higher ability to ionize matter.

3 Interaction of Radiation with Matter

The production and type of radiation damage in matter is related to the energy

deposition processes. The interaction of incoming particles with matter results in

two major effects: (1) collision energy loss and (2) atomic displacement.

Interactions of incoming particles and matter that result in the excitation or

emission of atomic electrons are referred to as energy loss by ionization or energy

loss by collisions with electrons. Non-ionization energy loss processes are

interactions in which the energy imparted by the incoming particle results in

atomic displacements or in collisions where the knock-on atom does not move from

its lattice location and the energy is dissipated in lattice vibrations.

Defects induced by the interaction of radiation with semiconductors are primary

point defects include vacancies and interstitials. Clusters of defects are generated

when the incident particle, such as a fast neutron or protons, transfers enough energy

to the recoil atoms to allow large cascades of displacements. The change observed

in semiconductor conductivity is associated with the formation of defect clusters.

For charged particles, the amount of energy that goes into ionization is

determined by the stopping power or linear energy transfer (LET) function,

commonly expressed in units of megaelectron-volts square centimetre/gram

(MeV cm2/g) or more transparently as energy per unit length (dE/dx) in

kiloelectron-volts per micrometre (keV/lm). The absorbed ionizing dose is the

energy deposited per unit mass due to ionization, and the most common unit of

measurement is the rad, which corresponds to 100 ergs/g. Because the energy loss

per unit mass differs from one material to another, the material in which the dose is
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deposited is always specified [e.g., rad(Si) or rad(GaAs)]. The Système International

(SI) unit for dose is the gray, which is equivalent to 100 rad.

The LET or the rate of energy loss, dE/dx, for a charged particle passing through

matter can be expressed approximately by dE/dx = f(E)�MZ2/E, where x is the

distance travelled in units of mass/area or density 9 distance, f(E) is a very slowly

varying function of the ion energy E, M is the mass of the ionizing particle, and Z is

the charge of the ionizing particle. Thus, for a given energy, the greater the mass

and charge of the incident particle, the greater the amount of deposited energy

produced over a path length inside the solid state material. For relativistic ions, the

mass factor in the above equation becomes almost constant, and the ion charge

dominates.

The intensity of heavy cosmic rays as a function of Z peaks at iron (Z = 26),

abruptly decreasing thereafter. An energetic iron nucleus of 1 GeV per nucleon

produces *0.14 pC in each 10 lm of silicon traversed (the energy release of

22.5 MeV produces 1 pC of charge in silicon).

4 Space Product Assurance

4.1 Understanding the Problem

The integrated circuits required for applications in the space scenario are quite

unique. Since silicon processes are a major corporate prerogative, companies

involved in producing such processes serve a very large market. All technological

and scientific efforts are focussed on applications that meet the consumer market,

including such products as mobile phones, personal and notebook computers,

among others. The benefits of a strong research in silicon processes, including size

reduction (transistors channel length) and enhanced performance (clock speed), are

reflected in more compact and more power final products.

Space electronics is a niche market, but one which has high-level requirements

that basically are not satisfied by standard consumer electronics. The first and most

important requirement is resistance to radiation, but resistance to both mechanical

stresses (during launch) and thermal stresses is also relevant. Due to the low

volumes required by the space market, large silicon foundries, do not always meet

these requirements, resulting in basic technologies that are not suited for space.

Consequently, there is a lack of technologies for the space environment.

Another aspect to be emphasized is linked to the availability of certain dedicated

technologies developed for the military industry. Some silicon foundries in the USA

(e.g. American Semiconductor Inc., Boise, ID) have developed silicon processes

with a given resistance to radiation that are used in device design for military

applications. The main problem related to this reality is that these players can only

work for the military establishment and cannot provide either their components or

their technology to markets outside of the USA. This policy is encoded in a set of

rules called the International Traffic in Arms Regulations (ITAR) which controls the

export and import of defence-related articles and services. ITAR was established

during the Cold War, and its regulations were reinforced after 11 September 2001. It
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restricts all base technologies which can be used for weapon building, including

fighter planes and personal equipment for soldiers. Resistance to radiation of all

forms is obviously considered in these technologies, and silicon processes for

integrated circuits realized for the military market fall under ITAR restrictions. The

space and the high-energy physics markets unfortunately are disadvantaged by this

approach, the consequences of which are, from the point of view of silicon

processes, that on the one hand there is a basic shortage of radiation technologies

and, on the other hand, when a technology is developed it can fall under ITAR

restrictions and therefore also be unavailable.

The ESA and all European large-scale integrators encounter difficulties in acquiring

the essential components and technologies for the productionof silicon processes,which

is why they are pushing for ITAR-free technologies—i.e. a set of base and critical

technologies which could be freely used by ESA members and their providers and

integrators. A major aim of ESA is to develop a base technology internally (meaning in

Europe) that will not fall under ITAR restrictions or any other restrictions.

A key feature of integrated circuits destined to be used for space applications is

that of radiation tolerance. Beyond the atmosphere, many particles (electrons,

protons and high-energy ions) collide with silicon devices used in the space

environment, such as electronic equipment for satellites, probes or, in general, all

spacecraft, releasing energy and possibly disrupting their operation.

There are two main effects of radiation on silicon devices:

• Long-term effects [total ionizing dose (TID) and displacement damage (DD)]

• Short-term and random effects [single-event effects (SEE)].

TID and DD result in progressive degradation of the devices, with the chip

progressing to a state of general malfunction after months or years. SEE, is strongly

dependent on the amount and nature of the energized particles, and in the worst case

scenario such effects can be destructive.

Even though these problems have been carefully studied since the 1960s, very

few devices have been designed to be rad-hard, primarily due to the fact that the

space market represents only a small niche in the overall silicon market. The

volumes needed for silicon devices of this nature are very low, while silicon

foundries are structured to make a profit on devices designed for mass production.

Moreover, the realization of devices of this kind is challenging due to the

technology efforts needed to manufacture these products in a process line that is

finely tuned to be quick and reactive to a continuously changing consumer market.

Nevertheless, some players do develop and produce rad-tolerant or rad-hard

devices. For the most part, these devices are commercial, with a high level of die

qualification and redundancy. More than one chip (usually C3) is mounted on the

same board, and by using a voting method an amount of functioning errors is avoided.

Moreover, the space market generally uses ‘‘old technologies’’ in order to take

advantage of well-established techniques of both the process and the design arms, but

this also leads to delay in the introduction of new technologies, or no introduction at

all, which can be profitable as well. Table 3 summarizes the responsible sources of

radiation damage, the elementary particles involved and the relative energy range.
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4.2 Total Ionizing Dose

The TID is a long-term degradation of electronics due to the cumulative energy

deposited in SiO2 or other dielectrics. Significant sources of TID exposure in the

space environment include trapped electrons, trapped protons and solar protons.

Simulations are used to determine the dose received by an electronic component as

a function of equivalent aluminium (Al) shielding for a given mission, as the one

shown in Fig. 5. In this example, the electrons of the Van Allen Belts dominate the

contribution to TID until about 6–7 mm of equivalent Al shielding and then are

nearly completely eliminated after 1 cm.

When incident radiation enters a semiconductor solid material, such as silicon, an

electron–hole pair may be created if an electron in the valence band is excited across

the band gap into the material’s conduction band. Electron–hole pairs generated in

the gate oxide of a metal-oxide semiconductor (MOS) device, such as a transistor,

are quickly separated by the electric field within the space charge region. The

electrons quickly drift away, while the holes of lower mobility drift slowly in the

opposite direction. Oxides contain a distribution of sites, such as crystalline flaws,

that readily trap the slow holes. Portions of the positively charged holes are trapped

at the sites as they slowly flow by. The main degradation mechanism induced by

total dose in MOS devices is caused by radiation-induced charge build-up in its gate

oxide. Oxide-trapped charge in thicker gate oxide can invert the channel interface,

causing leakage current to flow in the OFF state condition (VGS = 0 V) (Fig. 6). For

advanced integrated circuits (ICs) with thinner gate oxides, such as complementary

metal–oxide semiconductor (CMOS) technology, radiation-induced charge build-up

in field oxides normally dominates the radiation-induced degradation of ICs and

induces large leakage currents.

The response of MOS devices to TID is complex because of the competing

effects of the oxide trap and interface trap-induced threshold voltage shifts, which

can change over time. The net result is that the behaviour of the IC is changed

because of the induced charge build-up.

Table 3 Space radiation sources, energies and relative effects on microelectronics

Radiation source Particle Energy range Radiation damage

Radiation belts Protons Few keV–500 MeV SEE ? stochastic effect

DD ? cumulative effect

TID ? cumulative effect

Electrons Few eV–10 MeV TID ? cumulative effect

Solar flares Protons Few keV–500 MeV SEE ? stochastic effect

DD ? cumulative effect

TID ? cumulative effect

Galactic sources Protons and HZE ions Up to 300 MeV/amu SEE ? stochastic effect

HZE high-energy, high-charge nuclei component of galactic cosmic rays, SEE single-event effects, DD

displacement damage, TID total ionizing dose
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Electrical properties of CMOS, silicon-on-insulator (SOI) and bipolar technolo-

gies degrade with the cumulate dose because they are SiO2-based devices. Typical

effects include parametric failures or variations in device parameters, such as

Fig. 5 Example of a dose as a function of the equivalent aluminium shielding

Fig. 6 Basic effect of total
ionizing dose in a n-channel
metal oxide–semiconductor
field-effect transistor
(MOSFET) inducing charge
build-up in gate oxide. Normal
operation (a) and post-
irradiation (b) operation show
the residual trapped charge
(holes) that produces a negative
threshold voltage shift
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leakage current, threshold voltage, among others, or functional failures. The gain

degradation is the primary effect with bipolar technologies and is particularly large

at a low bias level (Fig. 7). The gain decrease is due to an increase in the base

current resulting from the degradations of the current that are caused by

recombination in the emitter–base depletion region and the current due to

recombination in the neutral base.

Bias and quiescent currents also commonly increase over the time of a spacecraft

mission because of TID. In some cases, the increase in leakage current requires

designers to add a significant margin to their power requirements. It is not

uncommon for devices to show an order of magnitude increase in the leakage

current as a result of TID while otherwise still functioning properly.

Satellite mission duration may extend over years, so a large TID may be

accumulated during this time. Changes in the fabrication of ICs over the last decade

have led to the development of a number of components with an enhanced

sensitivity to radiation when exposed to low dose rates. Bipolar technologies are

sensitive to the enhanced low dose rate sensitivity (ELDRS); in other words, the

degradation at the end of a low dose rate (LDR) irradiation is greater than the

degradation measured after irradiation to the same dose level obtained with a high

dose rate (HDR).

The standard TID dose rate for ground testing is generally *50 rad/s. This

dose rate allows a qualification test to be run in an 8-h shift. However, typical

ELDRS testing is performed at a dose rate of only 10–100 mrad/s: therefore,

there is a requirement for test times on the order of weeks to months, which is

clearly much closer to the rate at which TID will be accumulated during the

mission. This extended but more realistic testing is expensive and can affect a

spacecraft programme mission schedule. Fortunately, some vendors producing

radiation-hardened devices have determined the underlying cause of ELDRS

for their parts and modified their manufacturing process to overcome the

problem.

Fig. 7 Normalized current gain
vs. base-emitter voltage for an
npn bipolar junction transistor
irradiated to various total doses
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4.2.1 DD Dose

The long-term degradation characteristics of displacement damage dose (DDD) are

often similar to those of TID, but the physical mechanism differs. It should be noted

that technologies that are tolerant to TID are not necessarily tolerant to DDD.

DDD is essentially the cumulative degradation resulting from the displacement of

nuclei in a material from their lattice position. Over time, sufficient displacement

can occur and may change the device or the performance of its material properties.

Prime sources of DDD exposure include trapped protons, solar protons and, to a less

extent for typically electronic systems, trapped electrons.

Devices that depend on a crystalline bulk structure for operational characteristics,

such as solar cells, particle detectors, image sensors, photonic and electro-optic

components, have shown sensitivity to high DDD. Radiation particles, such as

neutrons, protons and electrons, scatter off lattice atoms, locally deforming the

material structure. The band–gap structure may change, affecting fundamental

semiconductor properties. For example, the output power of a spacecraft solar array

degrades during the mission life of a spacecraft because of the displacement

damage. Another example of displacement damage is the increase in recombination

centres in silicon particle detectors, ultimately leading to a signal and an energy

resolution decrease.

Displacement damage is also important for photonic and electro-optic integrated

circuits, such as charge-coupled devices and opto-isolators. Elastic and inelastic

nuclear scattering interactions produce vacancy/interstitial pair defects as the

regular structure is damaged. The defects produce corrupting states in band gaps,

leading to increased dark current and reducing gain and charge transfer efficiency.

The amount of displacement damage is dependent on the incident particle type

and energy, as well as on the target material. The characterization of displacement

damage is more complex than characterization of TID. The most commonly used

method to quantify displacement damage is non-ionizing energy loss (NIEL). NIEL

coefficients vary depending on radiation type, energy and the target material.

The NIEL of a particle is usually presented in terms of kiloelectron-volts square

centimetre per milligram or megaelectron-volts square centimetre per milligram .

For a mono-energetic beam, the product of the NIEL with the particle fluence gives

the DDD, which is usually specified in units of kiloelectron-volts per gram or

megaelectron-volts per gram. For irradiation by a range of particle energies, the

displacement damage dose is obtained by integrating the energy-dependent NIEL

over the particle spectrum. Alternatively, a displacement damage equivalent fluence

can be defined. This is the fluence of particles at a particular energy that would give

an equivalent DDD. Often 10-MeV protons or 1-MeV neutrons are given as the

reference. The values for the NIEL of various particles in silicon have been

published by Dale et al. [15], Huhtinen et al. [16], Akkerman et al. [17], Summers

et al. [18], with an online compilation by Vasilescu and Lindstroem [19]. Values are

summarised in Fig. 8. Various calculations tend to agree within a factor of two,

which is comparable with the uncertainties involved.

Values for InGaAs have been published by Walters et al. [20] and Fodness et al.

have published results for HgCdTe [21]. Jun et al. have published results for protons
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in a range of important semiconductor materials [22] and also for electrons [23]

(Fig. 8).

4.2.2 Single-Event Effects

Single-event effects occur when a single ion strikes a material, depositing sufficient

energy through its primary interaction (e.g. direct ionization of a GCR), or as a

result of the secondary ions that occur from the strike induced by neutrons or

protons (indirect ionization) to cause an effect in the device.

SEEs are generated by several mechanisms. The charge-collection mechanisms

are an interesting and complex set of mechanisms that are continuously being

refined in the literature. The charge generated by a single ion strike is collected,

producing a spurious voltage signal on a ‘‘sensitive’’ node that causes an effect at

the circuit level. The number of electron–hole pairs generated is proportional to the

electron stopping power of the incident particle in the target material. The generated

charge recombines or is collected at the various nodes. The charge collection

threshold for a SEE is called the critical charge (Qcrit).

SEE tests are performed at particle accelerators. SEE sensitivity is characterized

by the cross-section r as a function of the LET,

s ¼ N

F
;

where N is the number of SEE events and U is the particle fluence.

The LET can be varied at a particle accelerator by changing the incident particle

mass, incident energy and angle of strike. A particle impinging on a device at 60�
will deposit twice the energy of a particle entering at normal incidence, thereby

effectively doubling the LET:

Fig. 8 Published values of non-ionizing energy loss (NIEL) in silicon
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LET(qÞ ¼ LETð0�Þ
cos ðqÞ

The key measurement for these experiments is the number of single events that

occur as a function of the number of incident particles at a given LET. These data

are combined with spacecraft trajectory information and are used to predict a

specific mission SEE rate.

The many SEE types can be divided into three basic categories [24, 25]:

• Single-event upset (SEU) and multiple bits upset which change the logic state of

the internal nodes of a circuit. These errors are called soft error and are

recoverable.

• Single-event latch-up (SEL), in CMOS technologies, which may destruct the

circuit if SEL is not interrupted within a short time when it occurs.

• Single-event gate rupture/burnout (SEGR/SEB) in power metal oxide–semi-

conductor field-effect transistor (MOSFET), which causes failure or destruction

of the transistor.

4.2.2.1 Single-Event Upset A SEU is the change of state of a bistable element,

typically a flip-flop, or of another memory cell that is caused by the impact of an

energetic heavy ion or proton. The effect is non-destructive and may be corrected by

rewriting the affected element. As with other SEEs, a single-particle strike may

introduce sufficient charge to exceed the Qcrit of a sensitive circuit node and change

the logic state of the element. The resulting change of state is often known as a bit-

flip and can occur in many different semiconductor technologies.

The vulnerability of a device to a SEU is determined by two parameters: the

threshold LET, which is the minimum amount necessary to produce upset, and the

saturation LET cross-section (in cm2), which is a function of the surface area of all

of the SEU-sensitive nodes.

Static random access memory (SRAM) and dynamic random access memory

(DRAM) are two common integrated circuit memories that experience SEU. SRAM

structures consist of an array of nearly identical memory cells, and DRAM

structures have cells that use the charge storage in a capacitor to represent data. Both

types of memory circuits also include supporting circuitry, such as sense amplifiers

and control logic, that also may be sensitive to SEEs or single-event transients

(SETs). Very dense memory circuits may also have multiple bit upsets when one ion

strike causes upsets in multiple bits, which may occur if the ion track is close to both

bits or if the angle of incidence is close to parallel to the die.

SETs are short-time voltage excursions at a node in an integrated circuit caused

by a transient current generated by the nearby passage of a charged particle. Most

SETs are harmless and do not affect device operation. However, there are several

types of SETs that can cause harm or corrupt data.

SEUs or SETs are not directly observable at the pins of a device. However, at

some time after a SEU or SET occurs, the device may operate in an

unpredictable manner. Single-event functional interrupts (SEFIs), a class of SEEs,
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have been observed in complex devices, such as microprocessors or flash memories.

A SEFI is a SEE that places a device in an unrecoverable mode, often stopping the

normal operation of the device. It is usually caused by a particle strike but can be

produced by other causes. SEFIs are not usually damaging but can produce data,

control or functional-interrupt errors which require a complex recovery action that

may include reset of an entire spacecraft subsystem.

4.2.2.2 Single-Event Latch-up Transient currents generated by ionizing particles

can be amplified by parasitic devices forming a latch-up. A SEL causes the loss of

device functionality due to a single event-induced current state [26–28]. SELs can

result in permanent damage to the circuit that may not be recoverable [29]. SEL can

occur in any semiconductor device that has four layer parasitic PNPN paths, which

can be triggered by transient currents. Many techniques have been proposed to

overcome latch-up by using current sensing circuits, which can be used to

temporarily switch off the power supply. The removal of power should be done

within milliseconds after development of the latch-up condition to avoid possible

damage to the circuit. SELs do not occur in SOI technology due to its nature

preventing the presence of the parasitic PNPN structure [30].

4.2.2.3 Single-Event Gate Rupture/Burnout Power devices may be sensitive to

SEB and SEGR. SEB is similar to SEL in that it generates high-current states that

ultimately lead to catastrophic device failure. SEB is a high-current condition in a

parasitic npn bipolar structure similar to latch-up. It is observed in vertical power

MOSFETs and some bipolar transistors. The charged particle strike induces current

in the p-structure forward-biased parasitic transistor. If the drain-source voltage is

higher than the breakdown voltage of the parasitic npn, an avalanche occurs and

high current flows. This effect can be permanently damaging for one or more of the

parallel islands in the architecture of the power MOSFET by producing an

uncontrolled short.

SEGR is initiated when the incident particle forms a conduction path in a gate

oxide, resulting in device damage (Fig. 9). SEGR can occur when charge builds up

in dielectric around the gate of a power MOSFET when a large bias is applied to the

gate. The localized field builds up enough for the field across the dielectric to exceed

the dielectric breakdown voltage, resulting in a low-resistance path across the

dielectric. The conduction path in the oxide is an example of classic dielectric

breakdown similar to lightning during a thunderstorm.

4.3 Radiation Hardness Assurance Testing

The radiation endurance of electronics operating in a harsh radiation environment

needs to be assured either by manufacturing them (Rad-Hard) or by testing them.

Because of high production costs, the Rad-Hard industry is mainly focussed on parts

with high reliability requirements. In addition to lower prices, the performances of

commercial electronics [commercial-off-the-shelf (COTS)] is typically much higher

than that of Rad-Hard devices. Thus, COTS are often favoured in space projects due
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to superior performances and low cost. However, the drawback is their lack of being

‘‘space-qualified’’ and unknown radiation performances.

4.3.1 TID Testing

Although the space environment has a low dose rate (*10-4–1022 rad/s), the

duration of missions may be in years, thus resulting in large accumulated doses.

Over the life of a spacecraft mission, TID levels on the order of 105 rad are easily

accumulated. Candidate devices need to be characterized and qualified with respect

to the requirements of a spacecraft mission.

The total dose test consists of exposing the selected device to ionizing radiation

while appropriately biased and then performing a set of electrical measurements

either during or after irradiation. One approach, called step-stress, consists of

measuring electrical parameters after a dose of ionizing radiation has been reached

and determining their changes with respect to the initial measurements. An other

approach, called in-flux testing is performed by continually measuring the device

response as it is being irradiated. The step stress approach is usually more

convenient and much more widely used.

The test is performed with different samples of the same type exposed at same

time at a number of accumulated dose levels. Generally the ionizing radiation

environment is simulated with 1.25-MeV gamma rays from Co60 (Fig. 10) sources

even though the radiation space environment responsible for TID consists primarily

of electrons and protons of various energies. These sources can have a dose rate of

up to 600 rad(Si)/s, but it is possible to decrease the dose rates by varying the

distance from the source or varying the thickness of absorbing materials.

Since the parts of any device are used under different conditions in a spacecraft,

they are generally biased during testing in the condition that gives the worst-case

damage.

Standard procedures have been developed in the USA (MIL-STD 1019.5 [31]

and ASTM F1892 [32]) and in Europe (ESA/SCC 22900 [33]). These standards

define the requirements applicable to the irradiation testing of integrated circuits and

Fig. 9 A catastrophic single-
event gate rupture in a power
metal oxide–semiconductor
field-effect transistor causing
functional failure
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discrete semiconductors. The MIL-STD 1019.5 procedure was written for military

applications and has been adapted for space applications. The European procedure

is only applicable to space applications. Both procedures define the test conditions

in order to obtain a conservative estimate of the radiation sensitivity of parts of

CMOS devices, but in different ways. The dose rate to be used during test is,

following ESA/SCC22900, 1–10 rad/s for the standard window and 0.01–0.1 rad/s

for the low dose rate window.

The dose to the device under test (DUT) has to be measured alternatively by the

appropriate detector (dosimeter or ion chamber) by correcting a previous dosimeter

measurement for the decay of 60Co source intensity in the intervening time.

A proper calibration of the source is crucial before any radiation testing is started.

Several organizations use different approaches to calibrate their sources. However,

the general recommendation is the guarantee of the uniformity of the radiation field

in the volume in which the devices are irradiated within a few percentage points of

accuracy.

Many ionization chambers are available for the measurement of the dose.

Typically, those of smaller volume are used for HDR calibration (e.g. 0.18 cc) and

those of higher volume are used for LDR calibration (e.g. 180 cc).

The dose level at which a part must to be subjected is often dependent on the

project requirements. Several missions require testing to the exact dose of the

mission plus a margin factor, typically 2 or 3. High-dose missions sometimes

require testing to failure in order to obtain maximum leverage of the capabilities of

the part before establishing the radiation guideline.

Another common type of laboratory source is the 10-keV X-ray source.

Laboratory X-ray sources are available that can achieve dose rates from

\300 rad(Si)/s to [3600 rad(Si)/s. These sources can be used to irradiate both

unleaded packaged devices and devices on a wafer. The HDR of X-ray sources and

the capability for testing at the wafer level allows for rapid feedback on radiation

hardness during device fabrication [2]. However, these sources are not recom-

mended for radiation qualification.

Two HDR sources can be used to investigate the total dose response of electronic

devices at short times: these are electron linear accelerators (LINACs) and proton

cyclotrons. Electron LINACs are pulse-type sources with pulse widths ranging from

Fig. 10 60Co radiation sources for low and high dose experiments
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\20 ns to[10 ls with energies from 10 MeV to[40 MeV. Proton cyclotrons are

quasi-continuous sources and can have dose rates from a few rad/s up to high-dose

rates [1 Mrad(Si)/s] with energies from around 20 MeV to[200 MeV.

4.3.2 DDD Testing

Ideally, for mission evaluation, the devices under test should be irradiated with

particles and energies representative of the operating environment to avoid

uncertainties in the NIEL approach. An approximation of the proton for low Earth

orbits can be simulated using a selection of proton beam degraders and sequential

irradiations. The main focus of interest is protons with energies of several tens of

megaelectron-volts as the shielded spectrum usually has a peak at around

50–60 MeV, with 10-MeV protons sometimes used for convenience because of

beam availability or activation issues.

Also, care must be taken if proton irradiations are being used for a combined test

of TID and displacement damage effects. At these low energies intracolumnar

recombination of the generated electron hole pairs become significant, leading to a

lower degradation due to TID than would be expected if irradiating with 60Co

gamma or higher energy protons.

Neutrons are sometimes used for space simulation to avoid ionization effects that

occur when irradiating with charged particles. One possible problem with neutron

irradiation is that the energy spectrum is normally not mono-energetic and the

dosimetry and application of NIEL can be complex.

Knowledge of the actual energy spectrum of the particles incident on the device

is very important for fundamental studies. Using a tuned beam to obtain mono-

energetic protons is preferable to using degraders to obtain the required proton

energy. The beam energies of degraded beams have significant straggle that can

complicate the data analysis. For example, the Proton Irradiation Facility (PIF) at

the Paul Scherrer Institute (PSI) provides 13.3-MeV protons with a full width at half

maximum of 5.6 MeV by using a 74.3-MeV beam reduced with Copper degraders.

It is particularly important for low-energy irradiations that the effects of any

material in front of the die be understood, including the device package.

The proton flux is usually selected to ensure that the time required to reach a

specified fluence is within acceptable practical limits and to minimize beam time,

but not too high so that dosimetry and radioprotection become problematic. In

practice, proton irradiations for displacement damage testing are normally

performed with fluxes in the range 107–108 p/cm2/s.

The initial defect concentrations produced by displacement damage are usually

considered to be independent of bias applied during irradiation. Therefore,

displacement damage testing is usually undertaken unbiased. Unbiased irradiations

tend to lead to a reduction in the effects of TID and, therefore, displacement damage

effects can be isolated more easily.

Beam uniformity information should be available from the irradiation facility,

and the level of uniformity should be appropriate for the required testing. If the

uniformity is marginal, for example if the device under test is particularly large in

relation to the specified beam diameter, or if several devices are being irradiated at
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the same time, the beam should be characterized prior to irradiation testing being

undertaken. There are several ways in which the uniformity can be determined, such

as by using a radiochromic film or a scanning photodiode. Once the beam

uniformity has been determined the device under test should be carefully aligned to

the centre of the beam where the uniformity is likely to be optimum.

4.3.2.1 Proton Sources Most proton irradiation facilities supply protons through

the use of particle accelerators, such as tandem Van de Graaff generators, cyclotrons

or synchrotrons. Linear accelerators are also employed occasionally. Many such

particle accelerators are used for medical or industrial purposes and may not always

be available for device testing. Most Tandem Van de Graaff-based facilities provide

protons having energy of up to *10 MeV. Some facilities do provide protons with

higher energies, such as the SIRAD-INFN facility in Italy, which provides protons

of up to 30 MeV. Generally the beam sizes tend to be a maximum of a few

centimetres in diameter, although the maximum irradiated area can be sometimes

increased through the use of scanning techniques. Cyclotrons tend to be employed

when protons of higher energies are required. Typically energies of up to a few tens

of megaelectron-volts are available from these facilities, but some offer protons

with energies as high as 200 MeV. For example, the cyclotron at the Université

Catholic de Louvain, Belgium, provides protons with energies of up to 62 MeV and

the high-energy beam line at the PSI in Switzerland supplies protons with energies

of up to 250 MeV. Beam diameters of 10–20 cm are typically available. If proton

energies are required below the maximum energy that is available, energy reduction

is possible by either tuning the beam or using degraders. Degraders are material

plates, usually aluminium, that are placed between the beam and the device under

test, with the material and thickness of the plate being chosen to achieve the

required energy. Although convenient, degraders should be considered with care

because although the mean energy will be reduced, the straggling causes a

broadening of the energy spectrum that may result in a more complex analysis of the

test results.

4.3.2.2 Neutron Sources Neutrons for device testing can be supplied from

radionuclide sources, from nuclear reactors and from nuclear reactions produced

with particle accelerators. The most commonly used spontaneous fission source is

the radioactive isotope Californium-252, which produces a spectrum of fission

neutrons that peak at 1 MeV and extend out to *13 MeV (Fig. 4). Alpha reaction

sources are also used, such as the americium–beryllium or americium–lithium

reaction. Mono-energetic neutrons can be provided by using the deuterium–tritium

(14.1 MeV) or deuterium–deuterium (2.5 MeV) reaction. Such facilities are

available at, for example, the Atomic Weapons Establishment in the UK or the

Fraunhofer Institute in Germany. High-energy neutrons are available from nuclear

spallation facilities where a high-energy proton beam, produced by a cyclotron or

synchrotron, for example, impacts target material, such as Tungsten. The neutron

energy extends from thermal up to the energy of the incident proton beam. For

example, the spallation source at the Svedberg Laboratory at Uppsala University,
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Sweden provides neutrons of up to 180 MeV. The quasi-monoenergetic neutron

(QMN) facility at the same laboratory produces neutrons from accelerated protons

incident onto a 7Li target. The resultant neutron spectrum is dominated by a high-

energy peak at an energy variable between 17 and 180 MeV.

4.3.2.3 Dosimetry

Faraday cup A Faraday cup has a shielded, insulated target block thick enough to

stop the incident protons. The charge deposited in the block is measured (e.g.

with an electrometer) and is proportional to the number of stopped protons.

Electrostatic and magnetic fields are often used to suppress the current from

external secondary electrons or to prevent secondary electrons generated within

the cup from escaping. Faraday cups do not provide absolute real-time

monitoring; they are moved in and out of the beam or are placed in a separate

area to provide measurements only when needed for calibration of other

detectors.

Scintillators A scintillator is a material which, when irradiated, converts a

fraction of the interacting particle energy into light. The light output is

proportional to the ionizing energy lost by the incident particle. The generated

photons can be detected by a photomultiplier, avalanche photodiodes or silicon

photomultiplier. These detectors can be used for real time monitoring of the flux

and various arrangements can be employed.

Secondary electron monitors If an irradiating beam passes through thin metal

films, such as aluminized Mylar, secondary electrons will be generated. If the

films are connected to a picoammeter, the resultant current is proportional to the

number of ions passing through the foil. This simple arrangement can be adapted

by appropriately biasing and segmenting the foils to enable the determination of

the beam uniformity and focus.

Radiochromic films Radiochromic films are frequently available for on-demand

testing of a beam’s uniformity in a purely qualitative manner. The film is exposed

to a dose known not to saturate the film. The film is then read by any number of

means, but the most popular method is to scan the film with a simple flatbed

scanner into a gray scale (0–255) image and process it with a commercially

available software package.

4.3.3 SEE Testing

In this case, the environment, due to high-energy GCR and solar event heavy ions, is

simulated with low-energy ions available in particle accelerators. Each ion with a

given energy is characterized by the amount of energy lost per unit length: the LET.

Ground testing is performed with ions with lower energies than GCR or solar events

but with similar LET. Commonly used specifications are reported by the Electron

Industries Association [34] and ESA [35].

The typically used energy us of an order of several megaelectron-volts per

micron, which means a penetration range in silicon from about 30 lm for heavy
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ions to few hundreds of microns for the lightest particles. The device package in

front of the die is removed for heavy ion SEE testing (Fig. 11).

Different values of LET are obtained by changing the ion species. A typical SEE

test uses a minimum of five ion species in order to have a range of LET values from

few megavolts per milligram square centimetre to about 60 MeV/mg cm2.

Typically high LET values are obtained by accelerating Xenon ions with a LET

value of *60 MeV/mg cm2. Higher LET values have been obtained or by tilting

DUT or accelerating high Z heavy ions, such as gold.

In recent years several accelerators used for nuclear physics have been employed

for the radiation hardness assurance test. In Europe, the most used facilities are the

Accelerator Laboratory at the University of Jyvaskyla (JYFL), the so-called RADEF

facility [36] (Fig. 12), and the cyclotron Cyclone 110 at Université Catholique de

Louvain [37].

The single-event test consists of monitoring a certain number of parameters of a

device during irradiation, detecting and counting the errors during each irradiation

run. The SEE cross-section is measured as the ratio of the number of errors to the

ion fluence expressed in particles per square centimeter. For devices that are

sensitive to SEE even at low LET values, the test with a proton beam has to be also

performed. In this case, since proton energy, as in space, is available at accelerators,

the SEE cross-section is measured as function of proton energy. Typical values of

ion fluences are 106 ions/cm2 for soft errors and 107 ions/cm2 for hard errors. The

required ion fluxes ranged from 100 to 105 cm-2 s-1. The number of soft errors are

typically counted and stored. At the end of each run, the SEU cross-section per bit

can be calculated by using the formula rSEU = NSEU/(nbit � Fluence). The

characteristic SEU sensitivity of a device can be obtained by changing the LET

using different accelerated ions. Moreover, LET can be varied by DUT tilting,

which introduces the concept of effective LET, defined as LETeff = LET/cosh. In
this case, the fluence must be corrected by multiplying by cosh.

Fig. 11 Integrated circuits prepared for heavy ion testing by removing package lids or etching the plastic
mold compound
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A typical SEU cross-section versus LET curve is reported for the 4-Mbit Atmel

AT60142F SRAM in Fig. 13, which also shows the so-called SEU monitor [38].

This kind of characteristic plot can be used for estimating the SEU rates in the

operational environment. The upset cross-section curve can be roughly character-

ized by a LET threshold and a saturation upset cross-section. To determine the

number of circuit errors that will result during a space mission, one must convolve

the upset cross-section curve with the heavy ion LET spectrum for the orbit

(Fig. 14). This can be done by using dedicated software, e.g. CREME-96 [8], by

assigning the environment and entering the parameterized SEU cross-section curve.

From these input data the code will give estimation for the SEU rate in orbit.

In the case a device is sensitive to low LET values (\15 MeV/mg cm2) a test

with high-energy protons (in the range 50–250 MeV) is required in order to predict

the SEE rate induced by protons in the mission environment. Direct ionization by

Fig. 12 Illustration for the overview of the RADEF facility (University of Jyvaskyla, Finland)

Fig. 13 Single-event upset cross-section for 4-Mbit Atmel AT60142F SRAM [39]
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protons does not usually produce sufficient charge to cause SEEs. Protons and

neutrons can both produce significant upset rates due to indirect mechanism. A

high-energy proton may undergo an inelastic collision with a target nucleus. The

reaction products, being much heavier and having high Z, can deposit a significant

amount of charge. The proton SEE test requires large particle fluence (1010–1011

protons/cm2) to observe effects with statistical confidence. Because of this high

fluence, tens of kilorad in terms of total dose can be accumulated by DUT. The dose

level received by devices is monitored during the SEE test. In order to avoid damage

to the DUT due to accumulated dose, new devices (not irradiated) are used during

SEE test.

A SEL can occur during SEE test. A dedicated SEL test should be made under

the condition of maximum power supply voltage. In most cases the See test involves

power monitoring and the use of a control circuit during latch-up testing that allow

power to be shutdown quickly after the latch-up is detected. Power after a sufficient

time is restored. In the case of a high number of SEL, dead time has to be considered

for a proper cross-section evaluation.

Successful SEE testing requires that the particle beam, whether composed of

protons or heavy ions, can reach the sensitive regions of the device under test with

minimal alteration from extraneous materials—e.g. air gaps, device packaging,

semiconductor materials (substrate and back-end-of-line), among others. This

criterion is generally not an issue for medium- and high-energy proton beams as

their range is sufficient to penetrate large volumes of air, packaging and

semiconductor materials, but it is critical for heavy ion testing due to the short

range of these particles at most test facilities. Because of this, device preparation is

an important step in conducting SEE testing and needs to be considered early in the

test design phase.

The JEDEC, ESCC, and ASTM standards for the SEE test include provisions for

beam uniformity and purity, but these are specific to spatial uniformity and ion

Fig. 14 Measured cross-section vs. linear energy transfer and particle flux for a hypothetical
environment. The error rate is determined by convolving the environment model with the error cross-
section
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species. SEE testing and analysis techniques typically assume a monoenergetic

beam or a beam with energy spread no more than a few percentages of the total

kinetic energy. However, a heavy ion beam is often degraded to achieve different

stopping powers.

Ion or proton beam dosimetry is one of most important issue in the SEE test.

Several detectors positioned on the beam line can be used to monitor beam flux

during the irradiation and certify the final fluence achieved. In some cases,

photomultiplier tubes (PMTs) equipped with scintillator crystals are positioned at

the edge of the beam in order to monitor it during the irradiation. Another possible

solution is to use a gaseous detector as a parallel plate avalanche counter. This

detector allows very high flux rates (up to 105 particles/s cm2) to be counted and has

the advantage that it can be placed in front of the beam with a minimal amount of

degradation materials and no beam energy spread.

For all types of detectors, a calibration correction factor between the flux

measured at the online dosimeter position and the flux at the DUT position has to be

evaluated. This is done as a standard facility operation prior to starting the SEE test

by measuring the flux with another detector placed at the DUT position and

obtaining the correction factor.

Laser light is an easy way to induce SEEs in devices in laboratory. This technique

proved to be very useful for SEE mechanism studies and SEE test setup debugging

prior to performing the test at the accelerator. Laser light interacts in a very different

way with the ions, and this interaction cannot be used to describe the in-orbit

behaviour of a device. Laser data always need to be calibrated with heavy ion data.

4.3.4 Solar Cell Degradation

Space solar cells have been used as a power sources by satellites since 1954 [40],

and they have played an important role in scientific research and space development

applications. The objectives of research and development of space solar cells are to

improve conversion efficiency, increase life time (radiation resistance) and reduce

the mass and cost of solar cell.

The influence of Earth’s radiation belts on satellite solar cells is primarily

determined by protons and high-energy electrons (with the energy approximately

1 MeV).

Modern satellites need more electric power than previous ones because they have

more challenging missions and require more equipment. Solar cells with high

conversion efficiencies are required to keep weight and launch costs low. They are

also required for outer space missions (i.e. far away from the Sun) where light

intensity is lower. In this context, GaAs solar cells are promising for space

applications due to their higher theoretical and practical efficiencies [41, 42]

(28.3%) [43] in comparison to silicon cells [44], [45]. An additional benefit is the

fact that the GaAs solar cells are more resistant to irradiation by energy electrons

[45], [46] which introduces defects into solar cell structures. In semiconductors,

radiation usually produces atomic displacements, which in turn result in the

generation of lattice defects, such a vacancies, interstitials and complex defects [47].
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Lattice defects that act as recombination centres or trapping centres cause a decrease

in the output power of solar cells.

Solar cells provide power on space vehicles for long-term operations in an

environment that includes the electron and protons of the Earth’s radiation belts.

Satellites are often expected to function for periods as long as 10 years. For some

orbits close to maximum flux levels the cells are exposed to an integrated fluence up

to 4 9 1015 electrons/cm2 with an effective energy of 1 MeV and 4 9 1013 protons/

cm2 with energies of between 1 and 80 MeV. All indications are that the changes

produced in the cells are cumulative, and therefore it is prudent to assume that the

changes in cell characteristics which will result after 10 years are about the same as

those which would result from an equivalent integrated flux delivered at a much

higher rate.

Electron irradiation typically has effect on dark current and short circuit current

as reported in Figs. 15 and 16 [48].

In general, the electrical characteristics of solar cells are evaluated at a

measurement facility before the cells are brought to an accelerator facility for

irradiation (by protons or electrons) and subsequently returned to the measurement

facility for re-measuring. However, this ‘‘sequential method’’ needs relatively high

quantities of samples that can be irradiated by different amounts of electrons/

protons with different accelerating energies to fully reveal the degradation of solar

cells.

Fig. 15 The dark current as a function of the irradiation fluence for forward-biased cells
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For solar cells, the primary energy loss mechanism is through non-ionizing

effects that lead to the displacement of atoms in the semiconductor lattice. The

displacement of atoms results in lattice defects, such as vacancies, interstitials

(displaced atoms moving to non-lattice positions), and to the formation of defect

energy levels in the semiconductor material [49, 50]. These defects produce carrier-

trapping centres (e.g. recombination centres and compensation centres) in the

semiconductor bandgap and also generate carriers. Carrier generation leads to an

increase in the forward bias dark I–V curve and degrades Voc.

Recombination centres reduce minority carrier diffusion length, or minority

carrier lifetime, and decrease the photovoltaic output of the cell. For GaAs and Si

cells, radiation-induced recombination centres serve as the primary mechanism for

the degradation of cell performance. The decrease in the minority carrier diffusion

length degrades Ishort-circuit and leads to an increased forward biased dark I–V curve,

which also degrades Voc. In order to generate photocurrent output, charge carriers

must diffuse to the junction before recombination occurs [51, 52]. Degradation of

the minority carrier diffusion length reduces the cell’s efficiency. For GaAs solar

cells, the average diffusion length of the photo-generated carrier is large in

comparison to the junction distance; for silicon cells, the average diffusion length is

comparable to the thickness of the generating region of the photo-carrier. Thus, the

decrease in diffusion length of carriers in silicon corresponds to a decrease in

efficiency, whereas for GaAs solar cells, carrier diffusion length degradation

contributes to a smaller decrease in efficiency.

Detailed treatment of radiation damage of solar cells from electrons and protons

is reported on [7].

Fig. 16 The short-circuit current as a function of the irradiation fluence
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Università degli Studi di Palermo, Viale delle Scienze, Edificio 6, 90128 Palermo, Italy

2 School of Chemical Science and Engineering, Royal Institute of Technology (KTH),

100 44 Stockholm, Sweden

123

Top Curr Chem (Z) (2016) 374:72

DOI 10.1007/s41061-016-0075-6

E1Reprinted from the journal

mailto:clelia.dispenza@unipa.it


The original article was corrected.

Top Curr Chem (Z) (2016) 374:72

123 E2 Reprinted from the journal



ERRATUM

Erratum to: Application of Radiation Chemistry
to Some Selected Technological Issues Related
to the Development of Nuclear Energy

Krzysztof Bobrowski1,2 • Konrad Skotnicki1 •

Tomasz Szreder1

Published online: 18 October 2016

� Springer International Publishing Switzerland 2016

Erratum to: Top Curr Chem (Z) (2016) 374:60
DOI 10.1007/s41061-016-0058-7

The original version of this article unfortunately contained mistakes concerning

some units of measurement:
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Page 4 Line 4 and 5 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 cm-1

Page 5 Line 9 from the bottom day m-3 should read dm-3

Page 7 Line 11/12 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 8 Line 1 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 8 Line 1 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 9 Line 5 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 9 Line 5 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 9 Line 6 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 9 Line 7 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 10 Line 17/16 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 10 Line 16 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 10 Line 8 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

The online version of the original article can be found under doi:10.1007/s41061-016-0058-7.
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Page 10 Line 5 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 11 Line 9 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 11 Line 13 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 11 Line 15/16 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 11 Line 16 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 11 Line 19/20 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 11 Line 20 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 11 Line 24/25 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 12 Line 3 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 12 Line 3 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 12 Line 7 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 12 Line 8 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 12 Line 11/12 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 12 Line 12 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 12 Line 16/17 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 12 Line 4 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 20 Line 3 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 20 Line 3 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 20 Line 8 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 20 Line 9 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 20 Line 21 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 20 Line 22 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 22 Line 16 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 22 Line 17 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 22 Line 23 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 22 Line 3 from the bottom M-1 s-1 should read dm3 mol-1 s-1

Page 23 Line 2 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1

Page 23 Line 24/25 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 23 Line 6 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 24 Line 1 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 24 Line 2 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 24 Line 24 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 24 Line 24 from the top M-1 s-1 should read dm3 mol-1 s-1

Page 25 Line 23 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1

Page 25 Line 23/24 from the top day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 26 Line 23 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1

Page 26 Line 23 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1

Page 27 Line 11 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 28 Line 10 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 28 Line 10 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 28 Line 9 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 28 Line 9 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 29 Line 16 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1

Page 29 Line 16 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1
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Page 29 Line 16 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1

Page 29 Line 17 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1

Page 30 Line 9 from the bottom day m3 mol-1 s-1 should read dm3 mol-1 s-1

Page 32 Line 3 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1

Page 32 Line 3 from the top day m3 mol-1 cm-1 should read dm3 mol-1 s-1
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