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Abstract The increasing role of chemistry in industrial pro-
duction and its direct and indirect impacts in everyday life
create the need for continuous search and efficiency improve-
ment of new methods for decomposition/removal of differ-
ent classes of waterborne anthropogenic pollutants. This
review paper addresses a highly promising class of water
treatment solutions, aimed at tackling the pressing problem
of emerging contaminants in natural and drinking waters
and wastewater discharges. Radiation processing, a tech-
nology originating from radiation chemistry studies, has
shown encouraging results in the treatment of (mainly)
organic water pollution. Radiation (“high energy”) pro-
cessing is an additive-free technology using short-lived
reactive species formed by the radiolysis of water, both
oxidative and reducing, to carry out decomposition of or-
ganic pollutants. The paper illustrates the basic principles
of radiolytic treatment of organic pollutants in water and
wastewaters and specifically of one of its most practical
implementations (electron beam processing). Application
examples, highlighting the technology’s strong points and
operational conditions are described, and a discussion on
the possible future of this technology follows.
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Introduction

The increasing role of chemistry in industrial production
and its direct and indirect impacts in everyday life create
the need for continuous search and efficiency improvement
of new methods for decomposition/removal of different
classes of anthropogenic pollutants, constantly emitted to
ambient air and water. This review paper addresses a high-
ly promising water treatment solution, aimed at tackling
the pressing problem of organic contaminants (CECs or
contaminants of emerging concern in primis, but also ap-
plicable to other classes of pollutants) present in natural
and drinking waters and wastewater discharges. CECs in-
clude pharmaceuticals and personal care products (PPCPs),
some of which may, or are suspected to, act as endocrine
disruptors (EDs) (EPA 2016). From a total of 564
chemicals suggested by various agencies, published papers
or reports, as being suspected EDs, 147 were considered
likely to be either persistent in the environment or pro-
duced at high enough volumes to be potential risks for
public health. For these reasons, it is now a common reg-
ulatory and environmental priority to remove CEC com-
pounds from drinking waters and discharge streams, as
stated, for example, in the 2013 Berlaymont Declaration
on Endocrine Disruptors (EurActive 2015).

Effective technologies for removal of these products from
wastewater are not well established and are generally adopted
on a preliminary trial basis: while removal of such compounds
from drinking water and effluents has become a priority, no
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effective removal technologies have been discovered to date,
capable to simultaneously remove all of the concerned con-
taminants (Table 1), even though some processes have dem-
onstrated to remove certain contaminants, to some extent
(Petrovic et al. 2003; Shi et al. 2012). Even some high re-
moval rates of specific compounds observed in aqueous
phase (by comparison of influent and effluent wastewater
concentrations) do not imply full compound degradation to
the same extent, as more detailed studies often reveal the
presence of transformation by-products in the effluent
(Petrovic et al. 2003) or their accumulation, either as orig-
inal compounds or as by-products, in the excess sludge
generated by the treatment process (Jelic et al. 2011),
thereby only shifting environmental risk concerns to a dif-
ferent medium.

Even the most commonly used processes for degrada-
tion and removal of these pollutants, such as biodegrada-
tion and Advanced Oxidation Processes (AOPs), may re-
sult in the formation of degradation by-products, which, in
turn, are not well studied for @/l primary compounds, and
may also depend on the actual process (Tootchi 2010). It
should be noted that radiolytic processes are actually a
more intense subset of AOPs, with some distinguishing
characteristics that will be discussed in detail in this paper.
Typical screening approaches for known by-product com-
pounds, typically carried out by low-resolution mass spec-
trometry using triple quadrupole technology, are not yet
suitable for their online identification (Capodaglio
2016a), especially as biotransformation pathways are often
unknown (Wu et al. 2012), and few analytical standards
have been developed, for them (Helbling et al. 2010).
Conventional AOP treatment in aqueous media is also like-
ly to be a costly proposition, since extremely high conver-
sion yields are needed, ideally to below detection limit, as
these compounds retain their hazardous properties even at
minute concentrations (Plumlee et al. 2014). Moreover,
initial concentrations are very low, making specific treat-
ment cost (cost per unit mass removed) quite high
(Klavarioti et al. 2009).

Advanced Oxidation Processes for wastewater
treatment

Advanced Oxidation Processes, generally defined as aqueous-
phase oxidation methods, have been intensively investigated
and developed since the 1970s. They are based on the gener-
ation in situ of highly reactive oxidative radicals for
decomposition/degradation of organic pollutants in water
and wastewater. AOPs include homogeneous and heteroge-
neous chemical and photochemical processes, such as ultravi-
olet (UV) photolysis, often in combination with chemical ox-
idizers (e.g., O3, H>O,) and/or external catalysts (e.g., TiO,),
Fenton processes, electrochemical oxidation, sonochemical
processes, supercritical water and wet air oxidation, and var-
ious combinations thereof (Ikehata et al. 2008; Bin and
Sobera-Madej 2012). When applied to CECs, they address
substances that are usually present in solution at trace levels
(ng/L or even ng/L); thus, most analytical instruments for
their quantification need pre-concentration steps such as
solid-phase extraction (SPE), solid-phase microextraction
(SPME), or accelerated solvent extraction (ASE) (Huerta-
Fontela et al. 2010). These methods must be developed ac-
curately for each individual class of compounds and suffer
a limitation when they have to be applied for the simulta-
neous preconcentration of different contaminants (Bolong
et al. 2009). There is still no available instrumentation for
online, continuous determination of these compounds ap-
plicable in field conditions, in the drinking water industry
(Capodaglio et al. 2016).

To date, research on AOPs has generated a roughly esti-
mated ensemble of over 20,000 published works, summarized
in recent books (Parsons 2004; Stefan 2016) and review arti-
cles on their application for removal of: pharmaceutical resi-
dues (Klavarioti et al. 2009; Esplugas et al. 2007), EDs
(Esplugas et al. 2007), natural organic matter from drinking
water (Matilainen and Sillanpaa 2010), biorecalcitrant or-
ganics (Ghatak 2014), pathogens (Tsydenova et al. 2015),
water pollutants at large (Ribeiro et al. 2015), and on specific
treatment of textile effluents (Buthiyappan et al. 2016).

Table 1 Removal of some organic pollutants from wastewater treatment plants (data from Petrovic et al. 2003; Snyder 2008)

Compound Toxic effect Observed removal of primary ~ Average effluent concentration Drinking water equivalent
compound (WW) (%) (max. obs. conc.) (ng/L) level (DWEL) (pg/L)

Carbamazepine Cancer (rat) 7 0.30-2.1 (6.3) 10

Diclofenac Developmental (mouse) 67-95 0.06-0.81 (2.1) 48

Gemfibrozil Cancer (rat) 46-69 0.31-04 (1.9) 39

Ketoprofen 69 0.02-0.38 (0.87)

Ibuprofen 65-90 0.37-0.60 (3.4)

Naproxen Reprod./Developm. (mouse) 45-66 0.27-0.61 (2.6) 1400

Triclosan Systemic (hamster) 44-92 0.07-0.65 360
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It is conventionally agreed that CEC compounds’ complete
removal (i.e., mineralization) from water, in order to eliminate
any possible risk, would require treatment processes far more
advanced than those currently available, even in facilities of
last-generation design (Capodaglio 2016b). Among the
“conventional” processes present in state-of-the-art wastewa-
ter treatment facilities (Bolong et al. 2009; Liu et al. 2009),
physicochemical treatments such as coagulation—floccula-
tion processes have generally been found unable to obtain
significant removals, except when used conjunctly with
other processes such as activated carbon powder (PAC)
dosage (Callegari et al. 2017), or AOPs such as oxidation
by chlorination and/or ozonation, and/or UV irradiation
with peroxide (Westerhoff et al. 2005).

Applications and practical limitations of AOPs (and other
commonly used processes) in water and wastewater
treatment

Oxidation is considered a promising removal mechanism for
some emerging organic compounds, especially when
achieved using strong oxidants, such as chlorine or ozone.
Table 2 shows reported removal ranges of some organic pol-
lutants subject to selected AOPs (Snyder 2008). Ozone oxi-
dizes substrates either directly or by generating hydroxyl rad-
icals in water, which react with molecules in solution. Both are
strongly reactive reagents and have been proposed (Huber
et al. 2005) as promising options for the removal of CECs.
Wang et al. (2011) investigated AOP removal efficiencies of
eight pharmaceuticals (caffeine, acetaminophen, carbamaze-
pine, sulfamethoxazole, trimethoprim, erythromycin, lincomy-
cin, and codeine) as a function of treatment approaches and
types of disinfections (free chlorine, ozone, monochloramine,
and permanganate). Results showed that oxidative removal of
these compounds varied significantly, according to the differ-
ent oxidation pathways.

Overall, chlorination can be effective, but pH caused nota-
ble differences in its oxidation efficiency. Permanganate was
also shown effective to decompose some PPCPs. Care is need-
ed as oxidation of these chemicals has been shown to generate
by-products, not fully studied, and which effects are mostly
unknown (Mboula et al. 2013).

UV irradiation alone is the least effective in organic con-
taminants removal. Indication that UV alone cannot be prac-
tically considered as a feasible standalone removal option was
shown in a study by Adams et al. (2002), proving that UV
photolysis could remove 50-80% of the targeted compounds.
However, in doing so, it required an absorbed dose 100 times
higher than the one required for water disinfection and thus
highly expensive, and unpractical, to deliver. Combination of
photocatalysis and chemical irradiation for removal of CECs
from urban wastewater, was reported, using TiO, metal oxide
semiconductor as catalyst to promote formation of free

hydroxyl radicals, with irradiation by near-UV light
(A < 385 nm) (Belgiorno et al. 2007). Some endocrine
disruptor compounds were removed, at ratios ranging from
12.5 to 99%, which required reaction times between 0.5 and
8 h, depending on the compound, at catalyst concentration in
the reactor vessel between 0.2 and 2 g TiO,/L.

Bisphenol A (BPA) removal by photocatalysis under
simulated solar light (Xenon arc lamps) was reported by
Mboula et al. (2013): BPA conversion up to 99% was
achieved with exposure times of up to 140 min. This
corresponded, however, to a mineralization ratio of just
40% (the remaining 60% was transformed into intermedi-
ate by-products of unknown nature). By reducing exposure
times to 20 min, overall conversion was limited to 35%
(with just 10% mineralization).

Photocatalysis supplemented by ultrasonic irradiation has
also been tested, where chemical degradation effects derive
from acoustic cavitation, i.e., the formation, growth, and im-
plosive collapse of cavitation bubbles in the solution. Under
these conditions, extreme temperatures of several thousand
degrees and pressures of several hundred atmospheres are
developed locally within the bubbles, serving as “hot spots”
for microreactions in an otherwise cold liquid. Destruction of
chemicals can be achieved through a combination of pyrolytic
reactions, occurring inside or near the bubbles, and hydroxyl-
radical mediated reactions, occurring in the liquid bulk
(Papadaki et al. 2004). Ultrasonic irradiation at power levels
up to 125 W has also been applied, in addition to UV irradi-
ation. The average extent of degradation was around 80%
after 120 min of sonication; however, degradation intermedi-
ates proved difficult to oxidize further, with low mineraliza-
tion rates. Only 20-25% of initial organic carbon was eventu-
ally transformed into CO, (Belgiorno et al. 2007).

All of the processes illustrated above have some more or
less significant drawbacks: almost all require extended
contact times for the removal or destruction of contami-
nants to occur. These range from few to several hours to
achieve transformations up to about 90% of the original
contaminants’ mass. As an illustration, Table 3 reports lit-
erature reaction rate constants determined for a few organic
compounds reacting with ozone and hydroxyl radicals: the
latter shows reaction rates much faster (eight to nine orders
of magnitude) than the former.

Furthermore, even when such transformations occur, they
do not necessarily lead to full mineralization of contaminants,
as the oxidation of these chemicals has often been found to
generate by-products, with mostly unknown effects, which
may also be as harmful as the original compounds, or even
more (Huerta-Fontela et al. 2011). Full destruction of CECs
by these technologies was shown to be heavily dependent on
environmental and process conditions, with possible unpre-
dictable cross-interferences among various factors. Since most
of these processes require additives (PAC, nanomaterials,
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Table 2 Reported organic contaminants removal with different AOPs (data from Snyder 2008)

Compound Removal with free chlorine (3.5 mg/L)

Removal with O; (2.5 mg/L)

Removal with UV (40 mJ/cm?)

< 30% 30-70% > 70%

<30%

30-70% > 70% <30% 30-70% > 70%

Acetaminophen X
Androstenedione
Atrazine
Caffeine
Carbamazepine
DEET

Diazepam

KRR K XX

>

Diclofenac
Dilantin
Estradiol
Estriol

=

Estrone
Erythromycin

E I I

Ethynylestradiol

Fluoxetine X

Galaxoide X

Gemfibrozil X
Hydrocodone X
Ibuprofen X

lopromide X

Meprobamate X

Metolachlor X

Musk Ketone X
Naproxen X
Pentoxifylline X

Progesterone X

Sulfamethoxazole X
TCEP X

Testosterone X

Triclosan X
Total count 15 3 12

e

X

e

KRR X KX

T T T T T o T I

MR KX >
= T T T R R T I I o T B

Il
=

catalysts) to achieve notable removal rates, these may consti-
tute extra cost factors, both as process coadjuvants, and by the
fact that they may generate additional process residues (e.g.,
spent PAC and nanoparticles, process sludges) that should
be properly treated or disposed of. Additionally, when
strong oxidants are used, process and operator’s safety is
always an issue. Some additives, either by improper use or
by accident, could cause the generation of new pollutants
(i.e., disinfection-by-products—DBPs, especially when
using chlorine), potential precursors of carcinogenic com-
pounds, or induce undesired contamination when released
into the environment (Chang et al. 2009; Liu et al. 2009;
Westerhoff et al. 2005; Wu et al. 2012).

@ Springer

Radiolysis and radiolysis-based processes

Radiolysis is defined as the dissociation of molecules by
nuclear radiation, resulting in the cleavage of one or sev-
eral chemical bonds by exposure to a high-energy flux. In
this context, the radiation is generated by an ionizing
source, and the resulting process is therefore different
from, for instance, the photolysis of a chlorine molecule
into two CI radicals, where ultraviolet or visible-light
source is used. The kinds of radiation employed in radio-
lytic environmental applications include y-rays emitted by
selected radionuclides (e.g., 60Co, 13 7Cs), X-rays, and elec-
tron beam (EB) from electron accelerators. They all have
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Table 3  Reaction rate constants of Os; and "OH with a few selected
organics

Table 4 Measured dose-rates of different radiation sources

Radiation source Energy (kW) Calculated

Compound Rate constant (Mss)™! dose-rate (MGy/h)
05 ‘OH X-ray
250 kV 05x107® 1.8x107°
Benzene 2 7.8 x 10° 60
I 14 7.8 % 10° Co y-source

Toluene o 0.5 x 10° Ci 0.18 0.65
Ch_lirl(’benz}f“le 0-75 j 10 1.0 % 10°Ci 0.36 1.30
Trichloroethylene 17 x 10 5 Electron accelerator (EB)
Tetrachloroethylene <0.1 1.7 x 109 I mA, 1 MeV 5 72 % 10°
n-Butanol 06 4.6 109 10 mA, 10 MeV 100 3.6 % 10°
-Butanol 0.03 0410 50 mA, 10 MeV 500 1.8 x 10°

different properties, and therefore exhibit different techno-
logical benefits and disadvantages, but with very similar
final effects. Research studies on radiolytic decomposition
of organic pollutants initially employed y-radiation, ob-
tained mostly from °°Co sources (Cooper et al. 1998;
Getoff 2002) and, more rarely, 137Cs sources, the latter
being more difficult to handle (Gonzalez-Juarez et al.
2010; Abdel Daiem et al. 2013). Attempts on the use of
spent nuclear reactor fuel as y-source for degradation of
polychlorinated biphenyls and pesticides were also report-
ed (Mincher et al. 1991), without further known develop-
ments. Sparse applications can be found involving the use
of X-rays (TrebSe and Aréon, 2003), successfully
employed for 4-chlorophenol degradation with simulta-
neous use of TiO, (Gonzalez-Juarez et al. 2010).

In all these cases, none of these irradiation techniques could
induce energy levels which may ultimately affect the radioac-
tivity content of the irradiated solutions. While in laboratory
studies y-radiation may be frequently used (due to existing
availability of sources), in technological-scale applications,
the use of EB predominates (Cooper et al. 1998), since this
process is particularly efficient concerning the irradiation
dose/rate combination. This parameter, as shown in
Table 4, is much more favorable for EB irradiation than
for ys or X-rays (Farooq et al. 1993; Cooper et al. 2001;
Gehringer and Eschweiler 2002; Getoff 2002). It should be
noted from the table that 1 Ci (equivalent to 37 GBq in the
SI system) corresponds to a very high value of radioactiv-
ity but generates a relatively low dose-rate compared to
even small EB systems. Other practical considerations
have contributed to shift technological advantage towards
EB systems, including the very practical fact that EB (as
well as X-rays) sources, can be simply switched off when
the process is not needed. Furthermore, EB can be easily
modulated according to treatment requirements. In pilot
installations for water and wastewater treatment, therefore,
electron accelerators are almost exclusively employed
nowadays.

Although studies on wastewater treatment of ionizing radi-
ation were initiated at MIT (Boston, USA) in the 1950s (Dunn
1953), they are still only marginally mentioned in some of the
previously cited books and reviews concerning AOPs
(Parsons 2004; Stefan 2016; Ribeiro et al. 2015). In a recently
published, extensive review about treatment of priority water
pollutants considered by the EU Water Framework Directive,
radiolytic methods were included under “miscellaneous
technologies,” with citation of just four original papers
(Ribeiro et al. 2015), while the actual literature on radiolytic
degradation of different classes of pollutants in wastewater
treatment applications can be counted in hundreds of pub-
lished works (Table 5, concerning just PPCPs).

After an initially high interest, radiolytic process applica-
tions in the water sector have largely fallen in desuetude, ex-
cept for occasional applications, mainly due to limits of avail-
able technology and its operative limitations, rather than for
lack of positive results. Significant progress in EB accelerator
technology, promoted by important applications in other in-
dustrial realms, could contribute bringing the technology back
to the water sector, thanks to lower equipment costs and ener-
getic requirements and greater ease of operation combined
with superior results. It should be pointed out that, with ap-
propriate adaptation, all these processes can be employed both
in gas- and liquid-phase treatments: applications of ionizing
radiation in different industrial and environmental areas in-
clude nowadays very specific aspects, such as removal of
toxic components from industrial flue gases (Chmielewski
et al. 2003), sewage sludge processing (Wang and Wang
2007), soil and sediment treatment (Gray and Cleland 1998),
recycling of automotive lubricants (Scapin et al. 2007), and
many others (IAEA 2014), including water-related applica-
tions that are described in detail in this review. Only liquid-
phase applications will be considered in this review: Table 5,
showing recent applications to PPCPs removal from aqueous
solutions, is an indication of current interest in this technology.
Many applications shown in Table 5 led to complete mineral-
ization of the original compounds (100% yield). It should be
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noted that the extent of mineralization, unlike simple com-
5 pound’s removal, can be determined only by simultaneous
g g monitoring of the specific compound and the solution’s total
S \_‘3 organ carbon, which shows whether target compound are also
5 | = g fully decomposed to mineral elements.
o |8 &
S | E g
ol il Fundamentals of radiolytic decomposition of pollutants
When a diluted aqueous solution (total solute concentration
< 10%) is irradiated with ionizing radiation, practically all of
S the energy absorbed is used in the process of water radiolysis,
% - without affecting the radioactivity of the solution itself. The
= |&= main products of irradiation are both strongly oxidating, such
as hydroxyl radicals ("OH), and strongly reducing species, like
solvated electrons (e ,q), hydrogen radicals ('H), in addition to
other, less reactive, species, such as H,, H,O, and H;O".
= Observed radical formation yields are constant in the pH range
§ [3—11]. The yields of the reactive species formed in the pro-
Py o cess are expressed by the G value, a measure of chemo-
g |z4 radiation yield given by the number of molecules formed/
consumed (M) per joule of absorbed energy, for example,
§ in the water radiolysis reaction
<
g H20irmdiation > OH + e;q + ‘H
8 |2 s
I g E B2 The G values of the generated species are 0.28, 0.28, and
ERN gt i 0.06, respectively.
"é The possible reaction mechanisms of hydroxyl radicals
2 ("OH) in radiolytic-driven processes are the same as in
% AOPs, i.e.,
5
. § Additive . :OH 4+ CgHg— CgHs— OH
‘B ) g Hydrogen abstraction "OH + CHCl3— CClz+ H,O0
§ g % & Electron transfer "OH + [Fe(CN)6]47H [Fe(CN)é]} + OH™
g Radical combination °~OH +'OH — H,0,
E’ In addition to these, however, water radiolysis offers the
g significant advantage, which could never be emphasized
§ enough, of simultanecously conducting both oxidative and
- _ §0 reductive processes of dissolved pollutants, due to the simul-
3 S o taneous formation of all those reactive species, following wa-
T |lm~ g ter irradiation. Radiolytic-dependent processes, therefore,
ol ol £ commonly associated to AOPs, could therefore be better indi-
= g cated as AORPs (Advanced Oxidation—Reduction Processes).
E % 5 In the majority of specific radiolytic decomposition cases,
S § § it was shown that the highest oxidation reactivity towards
% _§ - organic compounds are exhibited by the hydroxyl radical (re-
z g % dox potential + 2.7 V in acidic solutions, + 1.8 V in neutral
=) hS S |3 ones), followed (in reductive reactions) by solvated electrons
é % § g (= 2.9 V) and hydrogen radicals (— 2.3 V). In oxygen-free
é § i % conditions, solvated electrons and hydrogen radicals usually
e | £ i é ; initiate reductive decomposition of organic pollutants, which
= § § e é is followed by oxidation due to hydroxyl radicals. All these
S = A species react with target pollutants depending on the structure
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and properties of the latters; their removal yield is different for
different compounds, as shown by observed values reported in
Table 6.

The efficiency of radiolytic decomposition of a given
chemical depends on the chemical conditions of the solution
during irradiation, which may favor reactions by a particular
reactive species, on the absorbed radiation dose and, to a
smaller extent, on the actual type of ionizing radiation (due
to the mentioned dose-rate effect). An additional, important
factor in case of natural media irradiation is the composition of
the original water matrix, which may already contain chemical
compounds acting as radicals scavengers. Some examples of
such species, typically occurring in natural and wastewaters,
and the rate constants of their reaction with radiolysis products
are also summarized in Table 6.

It can be seen that, in some cases, reaction rates involving
scavengers are of the same order of magnitude as those in-
volving target organic pollutants. It may also happen that ad-
ditional active species, depending on media matrix

composition, can be formed by irradiation, enhancing pollut-
ants decomposition during the process. As a result of both
phenomena, pollutant decomposition yield in real wastewater
may significantly differ from the one evaluated in pure, mono-
component solutions.

In order to increase the intensity of radiolytic decomposi-
tion of target compounds, the process can be carried out in the
presence of externally added substances, which interact with
radiolysis products, generating additional amounts of hydrox-
yl radicals. This can be the case of N,O, which exhibits fast
reactions with both ¢, and "H, converting the former to ‘OH
radicals. Earlier studies on radiation treatment in the presence
of different oxidants added to irradiated solutions, such as
hypochlorite NaOCI (Craft and Eichholz, 1971) or ozone
(Sakumoto and Miyata 1977), showed that these could signif-
icantly enhance radiation treatment yield.

When irradiation is carried out in air (oxygen) saturated
solutions, ‘O, and HO", radicals are also present, formed as
the result of oxygen reaction with ¢4 and "H. An additional

Table 6 Organic compounds and

natural scavenger removal Compound Bimolecular rate constants (Mes) ' Relative importance of species (%)
efficiencies by different reactive X B X R B )
products formed by water OH € 4q H OH € aq H
radiolysis (modified from Cooper )
et al. 2002; Buxton et al. 1987) Target organic compounds®
MTBE 2 0.0175 0.0001 99 1 0
Trichloroethylene 2.9 1.9 NF 61 39 0
Tetrachloroethylene 2 1.3 5 46 29 25
Benzene 7.6 0.009 0.91 97 01 3
Toluene 5.1 0.011 2.6 90 0.1 10
Ethylbenzene 7.5 NF NF 100 0 0
«-Xylene 6.7 NF 2 94 0 6
Chloroform 0.054 11 0.073 0.4 99 0.1
CHBICl, NF 21 NF 0 10 0
CHBI,Cl NF 20 NF 0 10 0
Bromoform 0.11 26 1.9 0.5 97.5 2
Ethylenedibromide 0.26 14 NF 2 98 0
DBCP 0.73 NF NF 100 0 0
NDMA 0.33 NF NF 100 0 0
Atrazine 2.6 NF NF 100 0 0
Simazine 208 NF NF 100 0 0
Natural scavenging compounds®
0, NR 19 <0.001
HCO;5~ 0.0085 <0.001 <0.001
CO> 0.39 0.00004 NR
Cl 3 < 0.001 < 0.00001 No data available
NO, 11 0.0035 0.71
NO; NR 9.7 0.0014
DOC 0.2 NR NR

NF not found, DOC dissolved organic carbon, NR non-reacting

?Rates shown were determined in synthetic, monocomponent, and aqueous solutions

® Present in natural water
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source of "OH radicals can be the presence of H,O,, reacting
with "H and e, although an excessively high hydrogen per-
oxide concentration may scavenge "OH radicals from solu-
tion. Solvated electrons e ,q predominate when an irradiated
neutral aqueous solution is saturated with N, or Ar gas, and
when the solution contains tert-butanol, also acting as scav-
enger of "OH radicals. When the pH of a solution is below 2,
then the predominating reacting species are "H radicals. For
technological reasons, the most appropriate process modifica-
tions to increase the concentration of reacting hydroxyl radi-
cals are addition of ozone, or hydrogen peroxide, in limited
quantities.

Participation, P, of "H and hydrated electrons e ,q in the
radiolytic decomposition of a pollutant S in an aerated solution
can be described by the following equations, where £ is ap-
propriate rate constants

Py =ksn [S]/(kﬂ,oz [02] + kus [S])
Pe = kS,e [S]/(ke,OZ [02] + ke‘S [S])

It can be seen that, at a given absorbed dose, when oxygen
concentration approaches 0, P values tend to 1.

The kinetics of radiolysis processes is determined by reac-
tion order and values of rate constants for specific radical
reactions, whereas the yield of the irradiation processes is
commonly expressed by its G value, the value of dose
constant, and the dose magnitude required for 50 or 90%
decomposition of the solute (Mincher and Curry 2000).

The G value, as mentioned, represents a measure of chemo-
radiation yield, i.e., the number of molecules of reactant con-
sumed, or product formed, per 100 eV' of energy absorbed
and can be calculated for a given absorbed dose using the
following equation (Kurucz et al. 1991)

G = [(Co—Cp) NA]/D Kr

where

Co Initial concentration of the analyte in the irradiated
solution [M]

Cp Concentration of analyte [M] after absorbing dose D,
expressed in Grays [Gy]*

! Electron-volt (V) (1 eV =1.60217662e—19 J), by definition, is the amount
of energy gained (or lost) by the charge of a single electron moving across an
electric potential difference of 1 V. Not a SI unit, it is, however, commonly
used in nuclear, radiation, and particle physics as a measure of energy, which
follows the metric convention for magnitudes (e.g., 1 keV = 1000 eV).

2 The Gray [Gy] is a ST unit defined as the absorption of 1 J of radiation energy
per kilogram of matter. It is used as a measure of absorbed dose and imparted
specific energy. It is a physical quantity, does not take into account biological
contexts, unlike its non-SI predecessor, the roentgen [R], measuring exposure,
and the Sievert [Sv], measuring a dose equivalent. Its corresponding cgs unit,
the rad (1 rad = 0.01 Gy), is still used occasionally in USA-originated
literature.

Na  Avogadro’s number (6.02 x 1023), and
Ky  Conversion factor for G value units—from 100 eV/L to
6.24 x 10" Gy

Although G values are commonly reported in applied radi-
olysis, they cannot be considered very useful for predicting
the dose required to decompose a compound in practice, since
this usually depends on the latter’s solute concentration, while
(initial) G values are often calculated for the smallest applied
dose at the beginning of the irradiation, that is, from a linear
kinetics approximation that is not fully representative of the
actual reaction. The dose constant d, determines the decom-
position rate as a function of the absorbed radiation dose and is
calculated as the slope of the plot of In(Cp/Cy) against the
absorbed dose [Gy]. It is usually considered a more reliable
measure than G, because it uses all the data from the irradi-
ation procedure. d values can be used to determine the
absorbed dose required for 90% decomposition (Dyg¢) of a
compound, as follows (Cooper et al. 1993)

Do'go = (ln 10)/d

Large values of G, and d correspond to large pollutant
decomposition yields (Mincher and Curry 2000).
Conversely, increase of decomposition yield corresponds to
a decrease of the dose required for required pollutant degra-
dation to a given concentration level.

Experimental dose-constant values can be used as a first
approximation estimate of the radiation dose required to re-
move a particular compound from a solution, where it repre-
sents the major contaminant (Kurucz et al. 1995a). From the
previous considerations, it follows that the actual dose re-
quired will depend on the overall matrix composition and on
the compounds actual decomposition pathway(s) in the pres-
ence of other contaminants. The obtained dose estimates can
also be used to preliminarily evaluate treatment cost.

Effect of the liquid matrix on radiolytic decomposition
yield of pollutants and its estimation

The literature on radical reactions, including reactions of
many different compounds with radicals formed in water ra-
diolysis, is quite vast (Buxton et al. 1987). Hundreds of works
exist on the kinetics of radiolytic decomposition of various
groups of environmental pollutants, however, studies have
been carried out mostly on single-component synthetic solu-
tions (Wojnarovitz and Takacs 2008).

The most troublesome factor in the kinetic modeling of
radiolytic decomposition in real systems, for prediction of
concentration changes of specific pollutants, is the influence
of the actual solution matrix. Practically, the extent of this
effect can be determined, to date, still only experimentally;
therefore, application of radiolysis as a treatment process
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cannot be based solely on yield calculations but must be em-
pirically tested in the most complex situations. On the other
hand, the same statement is true for other current AOPs.

Knowledge of reaction rate constants can however be
employed for preliminary radiolytic decomposition modeling,
including determination of decomposition yields as a function
of initial solute concentration, pH, and operational conditions.
For example, decomposition of CCly at different pHs, initial
concentration, and in the presence of methanol as scavenger
was calculated and compared with results of EB irradiation of
spiked treated groundwater, obtaining excellent correlation
(Mak et al. 1997). In a similar work, decomposition of tri-
and tetra-chloroethylene was modeled based on the known
reactions kinetics with "OH radical, but further process repre-
sentation improvement required additional specific determina-
tion of reaction rate constants with solvated electron and "H
(Nickelsen et al. 2002).

In other examples concerning radiolytic decomposition of
the herbicide MCPA by <y-irradiation (Bojanowska-Czajka
et al. 2007), experimental data were compared with kinetic
modeling at different pHs, and in the presence of varying
H,O0, concentrations, to enhance ‘OH radical formation.
While satisfactory results were obtained for MCPA concentra-
tions changes under various irradiation conditions, the same
model could not fully explain concentration changes of 4-
chloro-2-methylphenol, the main by-product of the herbi-
cide’s decomposition.

As an example of real wastewater matrix, industrial efflu-
ent from MCPA production can be considered: one of the
main components of this waste is chloride (~ 90 g/L), which
can act as scavenger of ‘OH radicals, as previously shown in
Table 6. Yields of MCPA decomposition in pure aqueous syn-
thetic solution, in oxidative conditions, were compared with
those of the real industrial waste solutions containing chloride
(Fig. 1). Comparison of the removal values observed for the
synthetic solution and real wastewater, both containing the
same chloride concentration, under equal irradiation and

750 7

Absorbed doses:
0.5, m1.0, 2.0, ® 4.0 kGy

8

MCPA concentration, pM
~
w
o

A 8 c D
Fig. 1 MCPA concentrations in 750 uM solutions after y-irradiation

with different doses and chemical conditions. a Synthetic aqueous solu-
tion. b Industrial wastewater from MCPA production, both with 90 g/L
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operating conditions, indicates an evident decomposition
yield decrease in the complex matrix.

Especially large yield differences, measured by d and Dy o
values, separated even by an order of magnitude, have been
obtained during irradiation of real industrial wastes. The most
favorable conditions for radiolytic treatment of such wastes
were generally found to be acidic conditions (as often ob-
served in raw effluents) and stoichiometric addition of H,O,.
In such cases, the decomposition yield can be just about half
that of a synthetic solutions, but still close to the same order of
magnitude. Explanation of the strong effect of pH on radioly-
sis in strongly oxidative conditions requires further study.

EB technology: state-of-the-art

Electron beam is a process involving the use of electrons ac-
celerated with high energy to treat an object, or medium, for a
variety of purposes. The basic components of a typical elec-
tron beam device are schematized in Fig. 2: in a sealed device
kept under high vacuum, a heated emitter (cathode) releases
electrons that are then accelerated by a grid, using high-
voltage power supply (DC) or radiofrequency (in the more
compact designs). Electrostatic and/or magnetic fields control
beam propagation (focusing and deflection) towards the exit
window. Electrons emerge from the window with an energy
proportional to the voltage applied to the anode and in quan-
tity depending on cathodic current. By adjusting these param-
eters, it is possible to control, respectively, the penetration of
the beam (proportional to energy) and the dose-rate (propor-
tional to current). EB machines used in the water and waste-
water treatment field are usually energetically rated between
600 keV and 1.5 MeV, although accelerators up to 10 MeV
have been used (Wang et al. 2016; He et al. 2014). As a
reference number, a 1-kGy dose, such as those commonly
used to achieve wastewater disinfection, is a relatively low
value, in the low range of those commonly used, for example,
in food distribution industry applications (irradiation of fresh

750 7

500

250 -+

MCPA concentration, pM

A B C o]

chloride. X-axis legend—A: pH 7, aerated; B: pH 0.5, aerated; C: pH 0.5,
aerated, containing 4.8 mM H,0,; D: pH 7, aerated, containing 4.8 mM
H202
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vegetables for fungi and bacteria control, in order to increase
shelf life) (Cleland 2005). The generation of an electron beam
with direct high voltage allows to achieve conversion of input
AC power to beam power with efficiencies greater than 95%,
compared to the approximate 30% efficiency of the equivalent
transformation achieved in UV lamps, thus making EB irradi-
ation a highly energy-efficient process.

In water-related applications, EB irradiation takes advan-
tage of special characteristics not available in most other treat-
ment technologies: absence of need for chemical additives
(although some, such as O3 and H,O,, could be used in small
quantities to further enhance radicals production), capability
of generating at the same time both strong oxidants and re-
ducers in the irradiated water (superoxides, a.k.a. hyperoxides,
O, ", hydroxyl radicals, "HO, hydrogen atoms, H, and solvated
electrons, e (,q)) that carry out the degradation of the pollut-
ants, potentially until complete mineralization, or to a desired
degree of decomposition, compatible with other conventional
processes (Fig. 3). All the generated radical species are very
reactive and very short-lived, with a half-life in the order of
10 us at 10°* M concentration, and have much stronger oxi-
dation potentials, as reported in the “Fundamentals of radio-
lytic decomposition of pollutants” section, than O3 (+2.07 V),

Metals in Reduction

solution [™ (insoluble) ™ " Precipitation

A

Complete — H,0,CO,
Decomposition

(irradiation) Partial
y /Decomposition

EB processing

Suspended Biotreatment
€aq Harmful solid Coagulation
A OH Organic /Monomer to Other processes
w He in ——~Polymerization
. Waste .
Ho0, water |\\Removal of __, Biotreatment
Water Molecule Toxic group Discharge
Active Removal of
Radical Color, Odor

| Pathogens l—' Disinfection

Fig.3 Action mechanisms of the EB process applied to a water medium

H,O, (+ 1.77 V), and chlorine (+ 1.36 V). The reactions that
occur with EB irradiation are quite similar to those occurring
in AOPs, where oxidation is largely brought about by hydrox-
yl-radicals, but extremely more intense and rapid due to great-
er density of different radical species.

These reactions do not introduce any possibility whatsoev-
er of an eventual secondary environmental contamination,
since no residual radiation content will remain in the irradiated
medium after treatment, nor the electron accelerator assembly
will retain residual radioactivity in its components. All degra-
dative processes are purely based on the high reactivity of all
the above mentioned, short-lived species formed by radioly-
sis. Water-borne contaminants degradation reactions are prac-
tically instantaneous (occurring in the order of milliseconds),
with intensity and end-point controlled by the given irradia-
tion dose, therefore they do not require large reaction vessels
to sustain prolonged exposure times, like traditional AOPs,
where process contact times can be timed in the order of hours.
Generated radical species will revert back very quickly (in the
order of few milliseconds) to their original water state, if they
do not react immediately with pollutant molecules; therefore,
no residues or radioactivity are left in the water. Furthermore,
EB accelerators are usually designed and supplied with built-
in shielding to avoid escape of high-energy particles, and as
such are commonly used in low-security industrial facilities
dedicated to standard production processes, with occupational
safety risks much lower than processes involving highly reac-
tive liquid or gases.

For practical purposes, therefore, these processes can be
considered a safe, highly efficient alternative to traditional
AOPs with none (or few) of the potential shortcomings related
to the latter.

Delivery of EB for water treatment

A practical limitation to overcome for the use of EB-based
radiolytic processes is the limited penetration of EB in water,
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about 5 cm for 10 MeV electron accelerators (Getoff 2002),
that may reduce to a centimeter or less for 1.5 MeV facilities
(Kurucz et al. 1995b). This creates the need for design of
special devices to allow irradiation of continuously flowing
solutions. Some examples of possible irradiation chambers are
shown in Fig. 4. These include the weir/cascade-delivery sys-
tem, employed first in the Miami research facility (Fig. 4a)
(Kurucz et al. 1995b), and subsequently adopted in many
other contemporary facilities, the up-flow stream irradiation
shown developed in Brazil (Fig. 4b) (Rela et al. 2000; Duarte
etal. 2002), and the nozzle-type injector, initially developed to
deliver wastewater sprays in purification facilities for molas-
ses distillery slops (Fig. 4c) (Pikaev et al. 2001a, b).

These designs allow fast-rate wastewater streams treat-
ment: in the mentioned Miami EB facility, extensive pilot
scale treatment of water and wastewater was conducted at
rates up to 500 L/min (Kurucz et al. 1995b). In case of the
up-flow stream installation, continuous treatment was
achieved at a flow rate of 700 m*/h using a 60-kW, 1.5 MeV
electron beam delivering a dose of 2 kGy (Rela et al. 2000). It
should be again remembered that, by comparison, commonly
used AOPs demand much longer reaction times. Mobile EB
systems have also being designed and built since the 1990s for
special field applications in USA (Nickelsen et al. 1998;
Cooper et al. 2002) and South Korea (Kim et al. 2012a, b).
These consist of self-contained modular facilities that can be
transported to a particular location for in situ remediation.

Case studies of ionizing radiation application
for wastewater treatment

The earliest applications of radiolysis in wastewater treatment
were primarily focused on the disinfection of effluents of dif-
ferent origin, particularly municipal wastes (Farooq et al.
1993; Woodbridge et al. 1972; Trump et al. 1977). Studies
also emphasized changes in toxicity of effluents as a result
of the treatment itself (Thompson and Blatchley 1999;
Moraes et al. 2004). In a pilot study equipped with a ®*°Co
irradiator, it was demonstrated that y-irradiation was capable
of achieving processing of secondary effluent to produce

usable water from raw sewage (Woodbridge et al. 1972).
The treatment proved to be efficient not only for killing virus-
es and bacteria but also for reducing both bio- and non-
biodegradable detergent concentrations. It was also observed
that effluent from the full-scale secondary treatment plant sup-
ported widespread algal growth, while the y-irradiated efflu-
ent fraction remained algae-free.

In several works on disinfection of sewage wastewater, it
was concluded that EB treatment is a valuable alternative to
chlorination of municipal liquid wastes (Trump et al. 1977).
Comparison of EB treatment at a large-scale plant and -
irradiation at the laboratory scale for disinfection of raw and
secondary wastewater effluent found that, while y-irradiation
resulted in a somewhat better inactivation of different micro-
organisms (Farooq et al. 1993), the difference between the two
processes was less than one order of magnitude. y-Irradiation
of municipal wastewater and chlorination were also compared
in terms of toxicity outcomes using the C. dubia chronic tox-
icity test (Thompson and Blatchley 1999). It was shown that
y-irradiation induced significantly less toxicity than chlorina-
tion. With EB irradiation of industrial effluents at 20 kGy
absorbed dose, 70 and 73% toxicity removals were observed
respectively for Vibrio fisheri and Daphnia similis, (Moraes
et al. 2004), while 60-100% removal of anionic surfactants
present in a 0.7- to 11.6-mg/L concentration range was
observed.

Recently it was demonstrated that EB irradiation of both
synthetic and real industrial effluents can also result in remov-
al of numerous inorganic components, including heavy metal
ions (Ribeiro et al. 2004). This, however requires rather high
absorbed doses (Table 7): with absorbed dose of 20 kGy, more
than 96% of Cr, Fe, Zn, and Co were removed, from original
g/L concentration levels in a variety of effluents, by reduction
to insoluble forms. Cadmium seems less susceptible to precip-
itation by this process, as in a case of 15 mg/L Cd content in
simulated wastewater only 44% of the metal ion was removed,
at a high 500 kGy dose. Removal of bromate (Wang et al.
2016) and nitrates (Guo et al. 2008a) from solution by irradi-
ation processes was also reported. Additionally, Buxton et al.
(1987) provide hundreds of rate constants for reactions of
products of water radiolysis with inorganic species. This

a V b c
; ‘ . . F3 RADIATION irradiation window
irradiating beam
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"”m—l £ ) ,l oumet “aerosol spray area
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Fig. 4 Schematic diagrams of different final delivery elements of EB irradiation installations for water and wastewater processing. a Weir. b Up-flow

with bubble mixing. ¢ Nozzle injection
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Table 7 Removal of selected
elements from simulated and Removed element Initial concentration Removal (%) at given absorbed dose
actual industrial effluents using
EB treatment (from Ribeiro et al. 20 kGy 100 kGy 200 kGy 500 kGy
2004)
Simulated waste®
Se 2 mg/L - 29.1 61.5 96.5
Cd 15 mg/L - 21.0 27.0 44.0
Hg(D) 17 mg/L - 99.0 99.0 99.0
Real waste
Al 11 g/lL 63.6 97.8 97.8 -
Cr 2 g/L 97.3 99.6 99.6 -
Fe 21 g/L 96.2 99.9 99.9 -
Zn 2g/L 99.95 99.95 99.5 -
Co 0.419 g/L 96.2 96.7 99.8 -

4 The irradiated solution contains sodium formate

indicates how many different inorganic compounds may be
also decomposed during irradiation of waster or wastewater.

Radiolysis treatment has been subsequently studied in an
increasing number of applications to wastewaters of different
origin. Studies conducted in Japan on the application of y-
irradiation to landfill leachates showed that radiolytic process-
ing leads to considerable biodegradability improvement of
main organic waste components (Sawai et al. 1981). Studies
on radio-oxidation of phenol in petrochemical wastewater
showed that in case of real wastewater, degradation of phenols
content may be substantially lower than in synthetic solutions
(Macesek et al. 1995). The advantage of EB treatment appli-
cation to cellulosic wastewater was demonstrated by the ac-
celeration of cellulose enzymatic hydrolysis rate after irradia-
tion (Kumakura and Kaetsu 1984). When applied to pulp mill
effluents, application of y-irradiation essentially enhanced
chlorinated organic compounds decomposition. These are
formed during pulp bleaching with chlorine, or chlorine diox-
ide, and irradiation increased the removal of adsorbable or-
ganic halogen (AOX) from 50% (biological treatment only) to
96% (Taghipour and Evans 1996).

Application of electron beam to paper mill wastewater, in
combination with conventional methods (coagulation, floccu-
lation, and biological) and ozonation, showed removal of
COD in the effluent to improved degrees, depending on con-
figuration of the tertiary treatment system (Shin et al. 2002).
Figure 5a shows an example of paper mill treatment system
configuration including EB irradiation, with indication of
BOD and COD values at specific stages. Such configuration
not only results in > 98% COD removal (> 99% as BOD) but
allows 70—80% effluent recirculation within the industrial pro-
cess. Alternatives for different tertiary treatment setups, with
achievable final TOC levels, are illustrated in Fig. 5b. The best
results are obtained by those setups including either EB irra-
diation or irradiation with ozone addition (EB absorbed dose
around 1 kGy).

Several applications of radiation processes for treatment of
textile industry wastewaters are reported. Combined EB irra-
diation and biological treatment of dyeing, complex wastewa-
ter showed that the decrease in total pollutants content in the
effluent could mainly be attributed to the instantaneous radio-
lytic conversion of terephthalic acid, a main organic pollutant
contained in the specific wastewater (Han et al. 2002). Equal
purification levels without irradiation could be obtained after
17 h of biodegradative processes, against 8 h of combined EB/
biological treatment with preliminary irradiation at 10,000 m*/
day (Han et al. 2012). Previous experiments in the same field
involved application of y-irradiation prior to coagulation in
treatment of textile wastewater, essentially improving reduc-
tion of COD and TOC values (Perkowski and Kos 1988).

Figure 6 shows possible examples of combined EB/ozone
installation for waste water treatment and EB/ozone installa-
tion for treatment carried in aerosol flow (Gehringer and
Fiedler 1998; Pikaev et al. 1997).

The suitability of EB treatment to urban sewage treatment
plant effluents was also examined, the main interest in this
case was focused on the efficiency of radiolytic decomposi-
tion of multiclass surfactants (Petrovic et al. 2007). It was
found that the application of relatively low irradiation doses
(2-3 kGy) could decompose the whole spectrum of
alkylphenolic compounds with potential estrogenic proper-
ties, simultaneously removing ionic and non-ionic surfactants
from the effluent that may cause biological process impair-
ments (Callegari and Capodaglio 2017). In EB irradiation of
domestic wastewater for disinfection purposes, it has been
reported that a low absorbed dose (1 kGy) is sufficient to
eliminate all present pathogens (Trump et al. 1977).

Since radiolytic processes have the advantage of being eas-
ily implemented at a specific section of an existing treatment
train, without requiring large storage vessels for the comple-
tion of the reactions (which are, as mentioned, practically
instantaneous), a significant trend of combining radiolysis-
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based degradation processes for particularly resistant/
refractory pollutants with other, more conventional treatments
has been observed from the mid-1990s. This involved pro-
cesses such as like coagulation and flocculation (Pikaev
et al. 2001a, b; Bao et al. 2002), ozonation (Gehringer et al.
1995, 2006), biodegradation (Han et al. 2002, 2012; Rawat
and Sarma 2013), UV-irradiation with suspended TiO, cata-
lyst (Zaki and EI-Gendy 2014), and electro-oxidation
supporting ‘y-irradiation (Barrera-Diaz et al. 2003).

In most cases, irradiation alone could very likely have
achieved the complete mineralization of the target com-
pounds; however, the main advantage of such combination
systems is the possibility of working with low absorbed doses,
sufficient for degradation of complex pollutants to species that
can be then post-processed with conventional methods,
resulting in reduction of the radiation treatment cost (smaller
irradiation apparatus, lower energy requirements) and most
often, of the overall treatment cost, even compared to conven-
tional methods alone. Several reports on multistep treatment

60pPm | eGEND
LFS ferric sulphare + polyacrylamide
03 ozone
EB irradiation
EBO irradiation + ozonation

32 ppm
28.8 ppm

22.5 ppm
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processes that include radiolytic step are presented in the lit-
erature (Shin et al. 2002; Thill et al. 2016).

Enhanced efficiency of EB irradiation combined with
ozonation, leading to the formation of additional amounts of
‘OH radicals from the decomposition of ozone (Gehringer
et al. 1993), was demonstrated in the treatment of high-load
wastewater from molasses processing, where a preliminary
treatment cost estimated was given as 3.04 USD/m’ to
achieve an effluent level of BOD not exceeding 20 mg/L
(Gehringer and Fiedler 1998). The same combination was
applied also in an aerosol-flow facility for treatment of
municipal wastewater, where the greater effectiveness
was also attributed to the additional generation of hydroxyl
radicals from ozone and only partly to direct pollutants
reactions with ozone (Pikaev et al. 1997).

In disinfection applications, EB can be efficiently
complemented by microwave irradiation, as demonstrated
by irradiating sewage sludge from a food industry wastewater
treatment plant (Martin et al. 2005). Very recently, a sequential
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oxygen ozonizer | 8bar reduction chamber
160 g Py ozone / oxygen ca. 3 m’h max. 2 bar /q
ozone
ozone / m3? injection

&
<

Fig. 6 Schematics of ozone/electron beam facility for wastewater treatment developed in Austrian Research Centre Seibersdorf (a) and combined EB/
ozone installation for treatment of wastewater in aerosol flow developed by the Russian Academy of Sciences (b)

@ Springer



Environ Sci Pollut Res (2017) 24:20187-20208

20201

EB irradiation, biotreatment, nanoscale zero-valent iron com-
bined system was successfully employed for treatment of tox-
ic recalcitrant metalworking wastewater, and was evaluated as
a realistic, and potentially economic advantageous, option
(Thill et al. 2016). As illustrated in Fig. 7, pre-treatment of
pristine and exhausted metalworking fluids with EB irradia-
tion allow for more efficient subsequent biological degrada-
tion, as monitored by COD removal.

In particular cases of environmental hazard, where waste-
water or polluted groundwater must be treated onsite or trans-
port of polluted liquids to stationary installations is overly
hazardous or economically unfeasible, mobile-type accelera-
tor has been built and employed for short-term EB irradiation
treatment of limited amounts of liquid wastes (Cooper et al.
2002; Kim et al. 2012a, b). Table 8 summarizes recent data on
EB technology applications for the treatment of wastewaters
of different origin in various systems.

Economic aspects of EB treatment of water
and wastewater

When considering the adoption of well established, widely
used conventional methods, or other emerging technologies
for wastewater treatment, one of the most relevant aspects in
the evaluation of their application feasibility is their cost-ef-
fectiveness. The cost of currently established technologies is
known to a fairly precise degree through empirical data, while
costs of emerging technologies may be subject to unexpected
or unaccounted factors. Although still at their industrial infan-
cy, several attempts of estimating cost factors for water radio-
lytic technologies have been reported in the last two decades.

Perhaps the main issue concerning EB technology (at the
moment, the most easily applicable among irradiation tech-
nologies) is associated with capital cost requirements for the
accelerator itself, which are estimated somewhere between
1700 and 5000 kUSD for industrial scale applications includ-
ing cost of accelerator, auxiliary equipment, transport,

140,000
120,000 -
A
100,000 I\
g \
E 80,000 f\T [ ~@-Pretreated
- . -
§ 60,000 1\\:{,_:\\([ ~—&—Non treated
40,000 ¢ l I\I\Z‘HI _T\ T
T 1' 5 1
20,000
0
0 10 20 30 40 S0
Time (days)

construction, and installation (Table 9). The cost of the accel-
erator needed for a specific application depends on both dose
(D, [kGy]) necessary to degrade pollutants by the required (x)
percentage, and flow rate (throughput capacity) of the waste-
water (W [kg/h]), and increases with the increase of either,
leading to the selection of accelerators with higher beam pow-
er (P [kW]) according to equation (Gehringer et al. 1995):

W = 3.600P D ',

where 7 is the beam utilization factor, evaluated dosimetrically
with value usually between 0.6 and 0.7.

An essential feature of EB accelerators is the high conver-
sion efficiency of electric power to EB power, which for mod-
ern accelerators is in excess of 95%. In the case of UV lamps,
for comparison, this is usually 20-30%, at most. An additional
advantageous feature of EB devices is the extremely high
dose-rate achievable, reaching the order of MGy/min, thus
requiring very low irradiation times (in the order of fractions
of a second). This eliminates the need for large reaction ves-
sels and requires essentially a fast flow-through installation.
Other essential factors are operational costs, including fixed
costs of interest and depreciation, the variable costs of elec-
tricity, labor, maintenance, etc. (Han et al. 2012).

Some examples of cost-efficiency evaluation for different
reported full-size installations, expressed as the cost of treat-
ment per cubic meter of wastewater, are listed in Table 9. In
case of installation for the treatment of textile dyeing waste-
water, involving a three-window accelerator (1 MeV,
400 kW), with 1 kGy dose irradiation, followed by biodegra-
dation, the overall cost of treatment was evaluated as
0.3 USD/m> at a capacity of 10,000 m*/day (Han et al.
2012). This is comparable to the reported cost of 0.25 USD/
m® for groundwater treatment in an earlier installation with
accelerator of 0.5 MeV and 40 kW beam power at a flow
146 m*/h (Gehringer et al. 1995). Application in the same
facility of simultaneous ozonation of the irradiated groundwa-
ter solution at a treatment capacity increased to 1200 m’/h,
resulted in significant cost reduction, down to 0.075 USD/m’.
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Fig. 7 Effect of electron beam pre-irradiation of toxic recalcitrant industrial wastewater (metalworking fluids) on biological COD removal for concen-

trated (a) and exhausted (b) metalworking fluids
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Table 9  Examples of cost efficiency evaluation of EB irradiation facilities for water and wastewater treatment

Type of installation Application Capital requirement ~ Treatment Cost of treatment ~ Reference
(kUSD) capacity (USD/m’)

EB (0.5 MeV, 25 kW) Ground water 1720 1200 m*/h 0.075 Gehringer et al. (1995)
with ozonation

EB (1.5 MeV, 75 kW) Wastewaters 2350 36.6 m>/h 0.65 Kurucz et al. (1995b)

(for 5 kGy dose)

EB (1 MeV, 40 kW) Papermill wastewater 5000 15,000 m3/day 1.03 Shin et al. (2002)
with conventional methods

EB (0.5 MeV, 75 kW) Wastewater from 2300 50 m*/h 3.17 Gehringer and
with ozonation molasses processing Fiedler (1998)

EB (1 MeV, 400 kW) Textile dyeing 4000 10,000 m*day 0.3 Kuk et al. (2011)
with biodegradation wastewater

Han et al. (2012)

An EB/O; system, with beam power of 75 kW, was applied
at a 50 m>/h facility for molasses processing wastewater treat-
ment, with 70% COD reduction at absorbed dose of 2.7 kGy
(Gehringer and Fiedler 1998). In this case, the cost of treat-
ment was 3.17 USD/m’, comparable to conventional ozone/
biological treatment for this type of waste. Shin et al. (2002)
compared the overall cost of EB treatment of paper mill waste-
water with other existing “traditional” technologies: estimated
EB cost (1.03 USD/m>) was lower than those of the three
other technologies considered, namely, use of activated car-
bon filter, including secondary coagulation (1.22 USD/m?),
reverse osmosis (1.67 USD/m3), and evaporation (over
3.0 USD/m?). From these reported examples, it seems that
EB could be in fact economically competitive in most cases
to equivalent traditional processes. More specific current in-
formation about process costs, and especially about accelera-
tor costs, should be necessary to draw more definitive conclu-
sions. It should be noted that, in recent years, due to ongoing
widespread application of EB technology in various industrial
sectors (e.g., medical products, cables, new materials, food
distribution and conservation), the market availability of these
devices has improved, and their costs have diminished.

An indirect method that can be used for efficiency compar-
ison of different wastewater treatment processing options is
the electrical energy per order (EE/O) figure-of-merit, defined
as the electrical energy (kWh) required to reduce the concen-
tration of a pollutant by an order of magnitude in 1 m* of water
(Bolton et al. 1998). Although not directly related with pro-
cess costs (it does not include investment costs, only O&M), it
can provide a good idea about the possible feasibility of an
alternative process approach.

Considering, for example, a process involving bleaching of
methylene blue and phenol decay, EE/O values were calculat-
ed and compared for EB and UV/H,0, and UV/TiO, AOPs.
Values < 3 were reported for EB and UV/H,0,, while for the
UV/TiO, process, the result was above 50. This can be attrib-
uted to the EB process efficiency of "OH radicals generation,
which was estimated at 1.0 M/kWh, while process efficiency

is 1.4 M/kWh for UV/H,0, and 0.087 for UV/TiO, (respec-
tively, about + 40% and — 91%) (Bolton et al. 1998). Recently,
similar results were reported considering the decomposition of
two antibiotics in synthetic aqueous solutions, sulfamethazole
(SMX), and chlortetracycline (CTCN) (Kim et al. 2012a, b).
Energy consumption EE/O parameters were compared for an
EB process carried out with 1 MeV, 40 kW accelerator, ozon-
ation, and UV irradiation at 210 nm (UV/H,0,). Obtained
values are summarized in Table 10, showing that among in-
vestigated AOPs, EB treatment is energetically much more
efficient than either ozonation and UV irradiation. Table 11
summarizes characteristic reaction values in decomposition
processes by ionizing radiation for carbamazepine (CBZ)
present in synthetic solutions, spiked water, and wastewaters
of different origin. CBZ is one of the most persistent and more
difficult to degrade organics; therefore, the low values of the
dose necessary for 90% destruction should be noted.

These results demonstrate that EB technology could be a
competitive choice in AOP selection. It can be obviously con-
cluded that, when choosing the optimal type of AOP, factors
like matrix chemicals’ content and capital, construction, and
maintenance costs should all be considered in the balance.

Discussion and conclusions

Inefficiency and inadequate management of water systems are
nowadays fundamental issues for human water security and
ecosystem sustainability (Grant et al. 2012; Capodaglio and
Callegari 2015). Better management of available resources
and more advanced technology to eliminate new classes of
pollutants are needed (Shi et al. 2012). Among pollutant re-
moval processes in water and wastewater purification sys-
tems, the last decades brought significant development of pro-
cesses based on free radicals’ efficient reactions, Advanced
Oxidation Processes, many of which are based on the reactiv-
ity properties of hydroxyl radicals "OH. Strangely enough, one
of the most efficient ways for production of such radicals,
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Table 10 EE/O values for

decomposition of two antibiotics Pollutant/process EB Ozonation UV irradiation (210 nm)
by different AOPs (lower value with UV/H,0,
indicates higher treatment
efﬁciency) Sulfamethazole 0.46 27.53 1.50

Chlortetracycline 0.19 7.15 15.5

water radiolysis by means of ionizing radiation, is often not
even mentioned in extensive and comprehensive reviews of
the field (e.g., Gligorovski et al. 2015) nor is much diffused in
current practice. The effectiveness of aqueous radiolytic de-
composition carried out through the use of ionizing radiation
has been already and repeatedly demonstrated for numerous
groups of organic compounds, including many hazardous an-
thropogenic environmental pollutants, in pilot and full-scale
facilities for the treatment of wastes of different origin.

A unique advantage of radiolysis, compared to other AOP
methods is the possibility of carrying out simultaneous de-
composition both on oxidative and reductive pathways.
Additionally, radiolysis does not require per se the use of
additional reagents, although in some cases, the simultaneous
presence of some chemicals, supporting increased production
of active radicals, may enhance its yield and improve cost-
efficiency. Another important advantage of EB irradiation,
compared to other AOPs, is the kinetic rate of radiolytic pro-
cesses (occurring in fractions of second), un-achievable with
other methods, resulting from the elevated dose-rates achiev-
able (e.g., for 1 MeV, 40 kW accelerator, the dose-rate is
40 kGy/s) (Kim et al. 2011). In addition, the technology does
not exhibit any danger of inducing radioactivity in the irradi-
ated media, and can be considered as a “clean technology,” as
it can achieve complete mineralization of target compounds,
without unexpected by-products, producing no organic sludge
or air emissions.

Successful attempts on kinetic modeling of radiolytic reac-
tions to obtain a quantitative prediction of the radiolytic re-
moval yield of single compounds in pure aqueous solutions,
as a function of their initial concentration and absorbed dose

have been reported, and can be used to approximate the sim-
ulation of actual processes in real conditions. Applications
indicate that when radiation processes are carried out in com-
plex, heavy loaded wastewater matrices, they require only a
few-folds increase of absorbed radiation dose due to the pres-
ence of radical scavengers and other interfering compounds,
generating side reactions in the waste stream. Despite the
demonstration of their numerous advantages, including cost
efficiency, barriers remain for the adoption of this technology:
the perceived high capital requirements in comparison to other
instrumentally simpler AOP methods (although comprehen-
sive cost analyses may prove otherwise) and often irrational
fear of a nuclear-based technology (although these irradiation
processes do not induce residual radioactivity and are often
use on foodstuffs for human consumption).

As the recent two decades brought increased knowledge
about the potential dangers of numerous classes of environ-
mental pollutants (industrial, residues of pharmaceuticals, en-
docrine disruptors etc.), many of which are strongly resistant
and are not eliminated completely by conventional methods
from water and wastewater (Capodaglio et al. 2010; Kleywegt
et al. 2011; Kock-Schulmeyer et al. 2013), there is an authen-
tic need for especially efficient, non-selective purification
methods. This may results in new development of hybrid in-
stallations, in which a particularly efficient additional step
could consist in the use of EB irradiation, combined with
conventional physicochemical and biological treatment, in or-
der to achieve overall more effective pollutants removal. In
such circumstances, radiolytic processes can occur at much
lower doses than standalone processes, as shown in several
applications. This may also encourage new future applications

Table 11  Characteristic reaction constants for carbamazepine (CBZ) decomposition by ionizing radiation in different media

Initial CBZ Irradiated solution Conditions of irradiation ~ G* (uM/J) Dose constant Dy o (kGy) Reference

concentration (type of radiation) & (/kGy)

423 nM (10 ppb)  Aqueous CBZ solution Aerated solutions (00) 0.390 (0.1) 32.4(0.9978) 0.071 Bojanowska-Czajka
River water with CBZ 0.302 (0.1) 12.0(0.9981) 0.192 etal. (2015)
Hospital waste with CBZ 0.132(0.1) 3.54(0.9988) 0.650

5.0 uM (1.18 ppm)  Wastewater after treatment pH 7.45; aerated (o) 0.020 (0.1)  7.82(0.9966) 0.294 Kimura et al. (2012)

with activated sludge

212 uM (50 ppm)  Aqueous CBZ solution N, saturated (EB) 0.261 (0.5) 2.23(0.9995) 1.03 Zheng et al. (2014)

Surface water spiked with CBZ 0.196 (0.5) 1.39(0.9987) 1.66

 Absorbed dose values for which calculation of Gy was made (kGy) in brackets

® Correlation coefficient values for the plot of In (Cp/Cy) vs. D in brackets
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for the improvement of environmental protection, such as
purpose-specific design of wastewater treatment process
trains, enhancement of water reuse and reutilization possibil-
ities, and better energy efficiency in the wastewater field.
Appropriately selected radiation chemistry methods, and in
particular EB technology, could constitute an important tassel
of such a strategy.
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