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Abstract

The paper is a brief review of recent data on environmental applications of radiation
technology obtained with participation of the author. It includes the results of the study on combined
electron-beam and ozone treatment of municipal wastewater in the aerosol flow and electron-beam
purification of water from heavy metals (lead, cadmium, mercury, chromium) by two methods (in the
presence of formate as an OH radical scavenger or sorbents of inorganic and plant origins).

1. INTRODUCTION

It is well-known (see, for example, Ref. [1]) that ionizing radiation (predominantly
electron beams) can be used for purification of polluted water and wastewater. From
economical viewpoint, the only electron-beam treatment is restricted by few cases (mainly by
ground water containing very small amounts of pollutants). As a rule, electron-beam treatment
can be believed as an additional instrument for purification and can be used in a combination
with conventional methods (biological treatment, ozonation, flotation, coagulation, adsorption
and so on). A list of such combined methods was presented in several publications (see Refs.
[1,2]). The respective examples are radiation-flotation purification of industrial wastewater
from mercury [3], combined electron-beam and ozone treatment of ground water polluted
with chlorinated organic compounds [4], combined electron-beam and biological purification
of industrial wastewater from refractory emulsifier [5,6], and electron-beam decoloration of
highly-coloured river water intended for drinking [7]. Note that combined method of
purification of wastewater from emulsifier found an industrial application; the maximum
output of the respective facility with two electron accelerators is about 12,000 m3/d.

The present paper is a brief review of recent results from the study, conducted with
participation of the author, on combined electron-beam and ozone treatment of municipal
wastewater in the aerosol flow [8,9] and electron-beam purification of water from heavy
metals (lead, cadmium, mercury, chromium) [10-14].

2. TREATMENT OF MUNICIPAL WASTEWATER IN THE AEROSOL FLOW

The facilities for electron-beam purification and disinfection of water and wastewater
are based on electron accelerators with energy of ~1 MeV and higher. Such accelerators are
expensive that restricts wide application of the methods under consideration. An attempt was
made [8,9,15] to use cheaper low-energy electron accelerator for combined electron-beam and
ozone treatment of municipal wastewater. With this purpose, the wastewater is sprayed and
irradiated in the aerosol flow in the presence of ozone.
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Figure 1 shows the scheme of pilot plant constructed and used for study on purification
of the wastewater. In the Figure, 1 is the reservoir of wastewater intake, 2 is electric pump
unit, 3 is sprayer unit (4 sprayers are utilized in the plant), 4 is irradiation chamber, 5 is
electron accelerator, 6 is turboblower, 7 is power supply, 8 is control desk, 9 is electric pump
unit for purified wastewater removal, and 10 is biological shielding. In the plant, irradiated air
containing ozone circulates through irradiation chamber.

The parameters of electron accelerator are following: electron energy 0.3 MeV,
maximum beam power 15 kW, beam cross-section 700 x 600 mm, accelerator dimensions
1200 x 800 x 170 mm. The parameters of pilot plant are following: output 500 m3/d, power
consumption 58 kW, occupied area 40 m2 , air feed speed 288 L/s, wastewater flow speed
9.65 m/s, flow thickness in irradiation chamber 9 cm.

Density of the aerosol formed by sprayer is equal to 0.02-0.05 g/cm3. Because of it the
range of electrons increased by 20-50 times in comparison with liquid wastewater. It gives
rise to use low-energy electron beam for treatment of wastewater in the aerosol flow. Since
aerosol density is considerably higher than air density, electron energy is mainly absorbed by
water droplets.

10

Purified
wastewater

FIG. 1. Scheme of pilot plant for electron-beam treatment of wastewater in the aerosol flow.
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The experiments were conducted with municipal wastewater from small town
Raduzhnyi (Vladimirskaya oblast'). The wastewater was preliminary purified from solids by
sedimentation and filtration.

The various parameters of water quality before and after electron-beam treatment at
different doses were measured. The data for unirradiated and irradiated wastewater are
presented in Table I. In addition, the special experiments on radiation-induced decomposition
of synthetic surfactants present in the wastewater (these pollutants are non-biodegradable)
were carried out. It was found that the dose required for decomposition of these compounds
from 13.25 to 0.2 mg/L (the latter is a concentration permitted for service water by Russian
State Standard) is equal to 4-5 kGy.

From the results it follows that comparatively low doses are required for purification
of municipal wastewater by electron-beam treatment in the aerosol flow. Even in the case of

TABLE I. PARAMETERS OF UNIRRADIATED AND IRRADIATED
MUNICIPAL WASTEWATER IN THE AEROSOL FLOW

Parameter

Color (units)

Transparency (cm)

Suspended solids
(mg/L)

Odor (force)

COD (mg/L)

BOD5 (mg/L)

Sulfates (mg/L)

Phosphates (mg/L)

Chlorides (mg/L)

Nitrites (mg/L)

Nitrates (mg/L)

Total number of
microbes (cell/cm )

Before
irradiation

160

1.3

156

4.5

40-100

100-150

150-450

412

18-24

283

8.8

48

Not detected

Not detected

105

Dose, kGy

1.3

1.3

1.3

1.4

0.9-1.4

0.9-1.3

1.0-1.4

2.5-4.6

0.8-1.3

0.8-1.3

0.8-1.3

0.8-1.3

1.0-1.4

1.0-1.4

1.3

After
irradiation

20

20

5

0

4-12

21-34

40-100

4-12

7.9 - 9.2

160

4.3

23

Not detected

3.0b

Requirements of
Russian State
Standards for

service water, not
more

20

-

-

-

30(15)a

9.8

260

8.7

300

0.02

9.1

-

a In brackets, the permitted limit for water basins for fish farming is given.
b The increase is due to the formation of nitrogen oxides in air upon irradiation and their penetration to
wastewater.
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highly-polluted wastewater (COD value is over 400 mg/L, concentration of synthetic
surfactants is about 13 mg/L), the dose is 4-5 kGy. Note that the dose was somewhat less, if
irradiated air containing ozone was pumped through irradiation chamber.

The purification is due to the reactions of pollutants with the products of radiolysis of
water droplets and air (including singlet oxygen). The removal of pollutants also occurs as a
result of their capture by a precipitate which is formed because of the aggregation of disperse
particles upon electron-beam treatment. It was observed that the formation of the precipitate
took place not only upon electron-beam treatment but also after it (for 10-12 h).

Preliminary economical evaluation has shown that the method developed is more
profitable (by 2-2.5 times) in comparison with conventional purification based on the use of
biological pond, filtration and chlorination.

3. REMOVAL OF HEAVY METALS FROM WATER

Two different electron-beam methods for removal of heavy metals from water were
developed. The first of them consists of electron-beam treatment of the system in the presence
of formate as an OH radical scavenger and subsequent removal of formed metal precipitate by
filtration or centrifugation [10-12]. It is applicable for removal of lead and cadmium. The
modification of the method was developed for Cr(VI) removal. It includes the radiation-
induced reduction of Cr(VI) to Cr(III) and subsequent precipitation of Cr(III) in the form of
hydroxide.

The second method is combined electron-beam and adsorption one; it is electron-beam
treatment of water in the presence of sorbents of inorganic (SiO2 ) [13] or plant (cellulose,
wheat flour and so on) [14] origins.

3.1. Electron-beam treatment in the presence of formate

The method is based on radiation-chemical reduction of the metal ions to their metals
or to lower oxidation state ions which can then be removed by filtration or centrifugation.
Two requirements are necessary: the absence of oxygen in the water and scavenging of OH
radicals which can reoxidize the reduced metal ions.

The reduction, upon electron-beam treatment, occurs via reactions of the ions with
hydrated electrons eaq and H atoms formed from water radiolysis. For example, in the case of
Cd(II), it is possible to write:

Cd(II) + e"aq • Cd(I) (1)
Cd(II) + H • Cd(I) + H+ (2)
Cd(I) + Cd(I) > Cd(II) + Cd(0) (3)
nCd(O) > Cd(0)n (4)

If the water is saturated with air, oxygen also react with eaq and H, partially or
completely suppressing reactions (1) and (2). The O 2 and HO2 radicals, formed upon
interaction of oxygen with eaq and H atoms, slowly react with Cd(II) and Pb(II), and
predominantly combine with hydrogen peroxide formation and reoxidize reduced ions:

HO2 + 0'2 + H+ > H2O2 + O2 (5)

Cd(I) + HO2 + H+ > Cd(II) + H2O2 (6)

Hydrogen peroxide can also reoxidize such ions:

Cd(I) + H2O2 > Cd(II) + OH + OH" (7)
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Because of it the reduction takes place after consumption of the considerable part of oxygen,
and to decrease the required dose, air should be removed from water (for example, by
bubbling inert gas) before and/or during electron-beam treatment.

Hydroxyl radicals formed from water radiolysis and in reaction (7) react with reduced
ions:

Cd(I) + OH > Cd(II) + OH' (8)

Hydrogen peroxide formed from water radiolysis and in reactions (5) and (6) also reoxidize
reduced ions (reaction (7)). The overall effect consists in the fact that the metal ions will not
be reduced to the free metals.

To exclude the negative effect of OH radicals, it is possible to use a scavenger which
converts these radicals into reducing species. One of such scavengers is formate ion. In
reaction with OH radical (and with H atoms) it gives COO" radical ion which can then reduce
metal ions:

HCOO
Cd(II)
Cd(I)

" + OH (H) -
+ COO"
+ COO" i

—> COO"
• Cd(I) +
• Cd(0) +

+ H:

c o 2
c o 2

>o (H2) (9)
(10)

(11)

Dose (kGy)
Fig. 2. Dependence ofCd(U) concentration in deaerated aqueous solution containing

5xlO~3 mol/L formate on absorbed dose.
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Carbon dioxide produced in reactions (10) and (11) is not toxic; yet the use of some other OH
radical scavengers can give rise to the formation of toxic compounds. For instance, ethyl and
isopropyl alcohols which are also utilized as scavengers [16] form acetaldehyde and acetone,
respectively. In addition, RC'HOH radicals formed can reoxidize Cd(I) [17].

Linear electron accelerator (energy 5 MeV) was used as a source of electron beam in
the experiments. The formed precipitates of Cd(0)n and Pb(O)n were removed by filtration or
centrifugation, respectively. The study gave the following most important results.

Figure 2 shows the dependence of the change in Cd(II) concentration in deaerated
solution containing ca. 2 mg/L Cd(II) and 5xl0"3 mol/L formate on dose of electron radiation.
A dose of ca. 3.5 kGy leads to a decrease in Cd(II) concentration below the permitted level of
0.1 mg/L in disposed wastewaters [18]. The irradiation of aerated solution of such a
concentration of Cd(II) did not give a positive result. At sufficiently high concentrations of
Cd(II) (for instance, at 50 mg/L), the required removal level is reached even in aerated
solutions. Under this condition reactions (1) and (2) compete with the interaction of oxygen
with e"aq and H.

Similar results were obtained with solutions of Pb(II). Figure 3 shows the dependence
of the decrease in Pb(II) concentration in aerated solution containing ca. 5 mg/L Pb(II) in the
absence of formate (curve 1) and in the presence of 10"2 mol/L formate (curve 2) on dose of
electron radiation. In the absence of formate the removal of Pb(II) does not occur. The
induction period is characteristic of the dependence expressed by curve 2. Apparently, it is
due to the presence of oxygen in the solution; the period is finished after oxygen consumption.
The dose required to remove ca. 5 mg/L Pb(II) to the concentration less than 1 mg/L (a
permitted level of lead content in disposed wastewaters [18]) is ca. 0.7 kGy. Slightly higher
doses (1.0-1.2 kGy) are required for the removal of 10-20 mg/L Pb(II).

If water contains both Cd(II) and Pb(II), initially Pb(II) is removed (see Table II). The
rate constants of reactions of Cd(II) and Pb(II) with e"aq are close each other [19]. Because of
it hydrated electron can react with both metal ions. However, Cd(I) formed fastly reduces
Pb(II) (k12 = 7.5x107 L/(mol s) [20]):

Pb(II) + Cd(I) > Pb(I) + Cd(II) (12)

Because of it the reduction of Cd(II) is started after almost complete consumption of Pb(II).
Therefore, the method developed allows to conduct the consecutive removal of heavy metals.

The removal of Cr(VI) ions was also studied. These ions are reduced to Cr(III) ions
upon irradiation, and Cr(III) is precipitated as the hydroxide from slightly-alkaline medium
(pH 8.5-9.5 [21]). It was found that the reduction of Cr(VI) to Cr(III) took place in deaerated
and aerated solutions, in the absence and the presence of formate (see Fig. 4). However, in
aerated solution in the absence of formate only 10-30% reduction occurs. In the presence of
formate the process is very effective even in aerated solution. Note that residual Cr(VI)
amount after electron-beam treatment of aerated solution containing ca. 5 mg/L Cr(VI) and
9.5x10° mol/L formate to dose of ca. 3.5 kGy is about 0.05 mg/L (it is lower than permitted
concentration for disposed wastewaters [18]).

3.2. Electron-beam treatment in the presence of sorbents

The following sorbents were utilized in this method: SiO2 (in the presence of formate)
[13] and materials of plant origin (cellulose, wheat flour, gluten and so on) [14]. The first
sorbent was tested for removal of Cd(II). The materials of plant origin were studied in the case
of Cr(VI) and Hg(II). In the experiments, linear electron accelerator (energy 5 MeV) was
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used. Sedimentation and filtration were carried out for separation of precipitates with
captured metal species after irradiation.

x
OH

0.0 0.5 1.0
Dose (kGy)

FIG .3. Dependence ofPb(H) concentration in aerated aqueous solution in the absence of
formate (1) and in the presence of 10'^ mol/L formate (2) on absorbed dose.

TABLE II. DEPENDENCE OF Pb(II) AND Cd(II) CONCENTRATIONS IN AERATED
SOLUTIONS CONTAINING 102 MOL/L FORMATE ON DOSE OF ELECTRON
RADIATION

Dose, kGy

0

0.24

0.48

0.80

1.20

[Pb(II)L
mg/L

10.6

7.8

2.8

0.76

0.51

[Cd(II)],
mg/L

0

0

0

0

0

[Pb(II)],
mg/L

20.2

9.5

3.3

0.84

0.39

[Cdfll)],
mg/L

50.2

50.4

52.3

50.8

41.5

[Pb(n)],
mg/L

48.7

37.2

26.0

2.8

0.74

[Cd(n)L
mg/L

54.1

55.5

52.3

52.1

39.1
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3.2.1. The use of SiO2

It was found that efficiency of Cd(II) removal from deaerated solution containing
formate by electron-beam treatment considerably increased if white black SiO2 was added to
the system (see Fig. 5). From Fig. 5 it is seen that after irradiation of deaerated solutions
containing initially 2 mg/L Cd(II) and 5x10~3 mol/L HCOO" to dose 1 kGy and subsequent
filtration, the residual amounts of Cd(II) are 0.27 and ca. 1 mg/L in the presence of 200 mg/L
SiO2 and in its absence, respectively.

One of the main possible reasons of the effect obtained is a partial adsorption of
cadmium species ions on SiO2. It is not excluded that the adsorption is facilitated by charging
of SiO2 particles upon irradiation.

3.2.2. The use ofsorbents of plant origin

The method consists of the addition of sorbents into the solution of Cr(VI) or Hg(II),
subsequent electron-beam treatment, sedimentation and filtration of additives with captured

U

Dose (kGy)

FIG. 4. Dependence ofCr(VI) concentration in aerated neutral aqueous solution in the
absence of formate (1) and in the presence of 9.6x10-3 mol/L formate (2) and in deaerated

neutral aqueous solution in the absence of formate (3) on absorbed dose.
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FIG. 5. Dependence ofCd(II) concentration in deaerated aqueous solution containing
5xlO~3 mol/L formate in the absence (I) and in the presence of 200 mg/L white black SiO2

(2) on absorbed dose.

chromium or mercury. The additives studied were cellulose (unbleached birch and fir
samples), carboxymethyl cellulose, starch, wheat flour, and gluten.

Without irradiation, the plant materials mentioned have comparatively low adsorption
capability. The addition of 250 mg/L cellulose or carboxymethyl cellulose to the solution
containing 5 mg/L Cr(VI) causes the removal of ca. 15-25% chromium. Starch and wheat
flour are able to capture it to a less degree. Mercury(II) is separated somewhat better. For
instance, Hg(II) removal degree is equal to ca. 30-35% for solution containing 10 mg/L Hg(II)
and 250 mg/L wheat flour.

Electron-beam treatment of Cr(VI) and Hg(II) solutions containing cellulose or
carboxymethyl cellulose led to the increase in the removal degree. However, irradiation of the
solution in the presence of starch has no effect on the removal. The best results were obtained
with wheat flour and gluten. The respective data for Cr(VI) are shown in Fig. 6, and for
Hg(II) - in Fig. 7. It is seen that the doses required for removal of the metals are
comparatively low (several kilograys). The removal efficiency depends on the presence of air
in the solution; it is noticeably higher for deaerated solutions.
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0
1 2

Dose (kGy)

FIG. 6. Dependence ofCr(VI) concentration in solutions containing 250 mg/L wheat flour
(1, 2) or 60 mg/L gluten (3, 4) on absorbed dose. Upon irradiation the solutions were

bubbled with air (1, 3) or argon (2, 4).

Several reasons can be responsible for synergistic effect obtained. The additives can
act as OH scavengers preventing reduced species (Hg(I), Hg(0), Cr(III) and so on) from
reoxidation. The aggregation of particles (especially in the case of the flour and gluten
containing proteins) upon irradiation leads to an increased capture of chromium and mercury.
The occurence of aggregation is confirmed by the considerable acceleration of coagulation
and sedimentation of the flour and gluten particles from irradiated solution in comparison
with unirradiated one. Apparently, aggregation is connected with radiation-induced
dimerization caused by formation of free radicals of the additive components via OH radical
attack. The capture seems to be facilitated also by polarization interaction of heavy metal ions
with peptide links -NH-CO- in protein components of flour and gluten particles. The absence
of such interaction in other sorbents studied is one of the reasons for lower removal degree
upon their use. The negative oxygen effect is due to reactions of this compound with e"aq , H
atoms and free radicals formed from the attack of OH radical on the additive. For example,
peroxide free radical is formed in reaction of oxygen with free radical from the additive; it
prevents the dimerization.
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FIG. 7. Dependence ofHg(Il) removal (initial concentrations are 1 (1) or 10 (2) mg/L)from
aerated water containing 250 mg/L wheat flour on absorbed dose.

4. CONCLUSION

The results discussed allows to deduce the following:

(1) comparatively cheap low-energy electron accelerators can be used for combined
electron-beam and ozone treatment of municipal wastewater in the aerosol flow;

(2) even in the case of highly-polluted municipal wastewater, the doses required for
purification by the method mentioned are comparatively low (not over 4-5 kGy);

(3) the method mentioned is suitable, for example, for purification and disinfection of
municipal wastewater of small towns;

(4) electron-beam treatment (at doses of several kilograys) in combination with the use of
formate as a scavenger of OH radicals can be applied for the removal of cadmium,
lead, and chromium from water;

(5) the efficiency of Cd(II) removal by the method mentioned increases if SiO2 is added to
the solution;

(6) combined electron-beam and adsorption method with utilization of some wide-spread
plant materials as sorbents can be used for purification of water from Cr(VI) and
Hg(II);

(7) the best sorbents of plant origin are wheat flour and gluten.
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