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Abstract - The paper is a brief review of the results obtained with the participation of the authors
from the study on combined electron-beam methods for purification of some wastewaters. The data
on purification of wastewaters containing dyes or hydrogen peroxide and municipal wastewater in
the aerosol flow are considered.

1. Introduction

The various methods of application of electron beams for purification of various wastewaters

are known (see, for example, [1-4]). Sometimes the concentrations of pollutants in wastewater is

very high. Because of it the high doses are required for their decomposition, that causes the high

cost of the purification. This led to the developments of combined electron-beam methods in which

electron-beam treatment was ised in combination with conventional methods, such as ozonation,

coagulation, adsorption, biological purification and so on. In combined methods, the main fraction of

pollutants is removed by conventional methods, and electron-beam treatment serves as additional

instrument for the tertiary purification. One of the most important combined methods is purification

of industrial wastewater from non-biodegradable surfactant Nekal (it is a mixture of

isobutylnaphthalene sulfonates), utilized as an emulsifier in the production of synthetic rubber, by

electron-beam treatment and subsequent biological purification [5]. The method found large-scale

application; in Voronezh (Russia) the respective plant (the maximum output is 12,000 mJ/day) with

two electron accelerators is in operation for long-term time.

We studied the use of combined electron-beam methods for purification of some other

wastewaters. They include wastewater containing dyes in soluble and disperse forms, wastewater

containing hydrogen peroxide, and municipal wastewater. In the last case, wastewater is irradiated in

the aerosol flow (in order to use cheap low-energy electron accelerator). The paper summarises the

results obtained from the study on purification of these systems by means of various combined

electron-beam methods. The data on purification of these wastewaters were briefly published earlier

[6-9].

2. Experimental

Electron accelerator of ELV type (electron energy 1 MeV, maximum beam power 50 kW)

located in Daeduk R & D Center (Republic of Korea) and linear electron accelerator (electron

energy 5 MeV, beam power ~1 kW) located in the Institute of Physical Chemistry of Russian

Academy of Sciences were used as sources of ionizing radiation. In the case of linear electron

accelerator, both single pulses (their duration 2.3 us) and quasi-continuous beam (frequency 400 Hz)

were utilized. In some experiments, *°Co y-ray source (initial activity 120 kCi) was applied.
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Dosimetry was conducted with modified Fricke and dichromate dosimeters and with polymeric films

[10].

Optical measurements were conducted on registering spectrophotometers "Cary-13E"

("Varian") and "Specord M-40" ("Karl Zeiss"). The COD (Cr) values were determined by standard

procedures [11,12]. The BODj values were measured by the method described in book [13]. Total

organic carbon (TOC) values were obtained with analyzer "TOC-5000A" ("Shimadzu") from a

difference between total carbon content and total content of inorganic carbon. Emission

spectrophotometer "Plasma-40" (Perkin-Elmer) and chromatograph - mass-spectrometer "Satum-

4D-GC/MS" (Varian) were utilized for determination of metal ions and organic pollutants,

respectively. Concentration of hydrogen peroxide was determined by iodide method [14] or via

optical absorption of wastewater at 200 nm.

Two solutions were utilized for coagulation. One of them contained 200 g/dm3 Fe2(SO«)3 and

the second - 42 g/dm3 Ca(OH>2. The 0.2% aqueous solution of polyacrylami-de served as a

flocculant For coagulation and flocculation, 1.6 cm3 of F e ^ S O ^ solution and 0.5 cm3 of

polyacrylamide solution were respectively added to 200 cm3 of the solution studied.

3. Wastewater Containing Dyes

The model aqueous solutions of the following dyes: Disperse Red 60 (it is a dye of

anthraquinone type, its formula I is given below), Acid Red 172 (monoazo dye, 1:2 metal complex)

and Reactive Red 21 (monoazo dye with vinyl surfonate functional group) manufactured by Korean

industry were studied. The first of them is insoluble in water and is present in it in disperse form.

Two other dyes are soluble in water. The content of the each dye in the solutions under investigation

was 50 mg/dm3. This amount is close to the content of dye in industrial wastewater.

O OH

I

To be treated by electron beam, solution (volume 0.8 dm3) was placed to a flat vessel which

was moved by remote control through the zone of irradiation (its area is about 100x10 cm) by

scanned electron beam of ELV accelerator. The irradiation time was ~1 s. Just before and upon

electron-beam treatment, the solution was bubbled with air or argon for saturation and stirring. Dose

rates were 1-10 kGy/s.

It was found that both dyes soluble in water were not removed by coagulation + flocculation.

However, their solutions were virtually completely discolored as a result of irradiation at doses <10

kGy. It is shown in Fig.l. Electron-beam treatment of the solutions of these dyes at such doses

simultaneously led to the considerable decrease in TOC and COD (Cr) values (see Fig.2). At the
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same doses, purification degree was higher in aerated solutions than in deaerated ones. The result of

electron-beam treatment of the solutions of the dyes under consideration was also a formation of

disperse precipitates which were removed by filtration.

As it was found, dye Disperse Red 60 in water is stable to the action of electron irradiation

(see Fig.3). The color intensity of this system in the absence and the presence of air did not changed

upon irradiation to dose 30 kGy. The system was still brightly-red. The TOC value decreased only by

34%.

The virtually complete purification of water from dye Disperse Red 60 was achieved by

coagulation + flocculation method. For example, the initial aerated water with this dye had the TOC

value of 26-27 mg/dm3. The TOC value became to equal to 3.1-4.5 mg/dm3 after electron-beam

treatment at dose 3-10 kGy, subsequent addition of Fe2(SO4)3 solution, neutralization to pH ~7 by

Ca(0H)2 solution, stirring in the presence of flocculant and filtration. Note that a considerable part of

the residual TOC value was due to polyacrylamide penetrated to mother solution through filter. The

color of the system after such a combined treatment was <16 units.

The decrease in the TOC value to 2.5-2.6 mg/dm3 for aerated water with dye Disperse Red

60 was observed upon irradiation of the system in the presence of Fe2(SO,»)3. In this case,

neutralization, stirring with flocculant solution and filtration were performed after irradiation. If

water containing the dye and flocculant is exposed to electron-beam treatment, then the TOC value

decreased only to 10-12 mg/dm3.

Emphasize that coagulation + flocculation led to the same results both in the case of

irradiated and unirradiated solutions. Because of it the solution containing all the three dyes can be

exposed to electron-beam treatment both before coagulation + flocculation and after this procedure.

Obviously, the discoloration of dyes soluble in water mainly occurs as a result of their

interaction with OH radicals formed from radiolvtic decompositon of water. It is confirmed by the

fact that the purification degree is higher in aerated solutions than in deaerated ones. In the latter,

hydrated electrons reacting with dye give rise to the formation of semireduced form which in its turn

can partially react with the product of reaction between dye and OH radical regenerating the dye. In

aerated solutions, the reaction between oxygen and hydrated electron takes part; the HO2 and/or O2*

radicals formed is low- or even unreactive towards the dye.

The dye Disperse Red 60 is present in the water in the separate phase. Because of it its

reactions with water radiolysis products did virtually not occur, and the dye is characte-rized by

comparatively high radiation stability. However, it is easily captured by coagulant.

4. Wastewater Containing Hydrogen Peroxide

Wastewater containing hydrogen peroxide in the amount to 0.88 mol/dm3 (30 g/dm3) is

formed upon manufacture of some semiconductor devices. The approved concentration for recycling

the water is lower by 10 times. We developed combined electron-beam and adsorption method for

H2O2 decomposition in this water. Electron-beam treatment is used for tertiary decomposition of

hydrogen peroxide retained after its sorption and decomposition on activated carbon. The tertiary

decomposition is based on chain process initiated by products of water radiolysis [15].
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Fig.l. Optical absorption spectra of aerated aqueous solutions (50 mg/dm3) of Acid Red 172: 1 -

unirradiated, 2 - irradiated (dose 9 kGy) and Reactive Red 21: 3 - unirradiated, 4- irradiated

(dose 7 kGy).
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Fig.2. Dependence of TOC (7,2) and COD (Cr) (3,4) values of aerated aqueous solutions (50

mg/dm3) of Acid Red 172 (7,5) and Reactive Red 21 (2,4) on dose of electron radiation.
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Fig.3. Optical absorption spectra of aerated water containing 50 mg/dm3 of Disperse Red 60 before
electron-beam treatment (i), after electron-beam treatment to dose 3.5 kGy (2), after electron-beam
treatment to dose 3.5 kGy and subsequent coagulation + flocculation (3), and deaerated water
containing the same amount of the dye and irradiated to dose 3.5 kGy (4).
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Because H2O2 concentration in initial wastewater is relatively high and it must be decreased

by 10 times, it is possible to state a priori that for such a decrease in the concentration, in spite of the

chain process of its decomposition, high doses should be used for the decomposition. The

experiment confirmed this suggestion.

The data on the H2O2 decomposition upon y-radiolysis are shown in Table 1. It is seen that

the decomposition degree is somewhat higher in deaerated solutions. The similar results were

obtained in the case of electron beam of linear accelerator (see Table 2). From the data shown in

Tables 1 and 2 it follows that the considerable decomposition of H2O2 is observed at high doses. For

example, dose of y-radiation required for decomposition of ~35% of H2O2 in aerated 0.3 mol/dm3

solution is equal to -106 kGy. The decomposition degree is higher if sodium formate is added to the

solution before irradiation. It is seen from the data shown in Table 3. Note that the considerable

influence of oxygen on the H2O2 decomposition takes part in such a solution. However, even in the

presence of formate, high doses are required for H2O2 removal. Hence, we were attempted to

develop combined purification method in which electron-beam treatment is combined with

conventional method of H2O2 degradation.

It is known [16] that H2O2 is decomposed as a result of the contact (adsorption) with the

surface of some solids. Because of it we tested various sorbents. Among them were activated carbons

and white black (SiO2). It was found that contacting the H2O2 solution with all these solids led to the

decomposition of hydrogen peroxide (see Table 4). Note that in the case of white black, the

decomposition degree is very low. The largest effect was obtained with carbons of KAD (activated

by iodine) and BAU types. However, activated carbon of BAU type is cheaper and more accessible;

because of it this carbon was predominantly studied.

The following experiments were carried out to find the optimal conditions for the

decomposition of the greater part of H2O2 by adsorption method and the residual small part of it by

electron-beam treatment The solution was initially passed with various rate through the layers of

activated carbon of BAU type with various height, and then it is irradiated by electron beam upon

bubbling argon through the solution. The data obtained are shown in Table 5 in which h, v and

tH2O2]r designate the height of carbon layer in column, the rate of passing the solution through

column and residual concentration of hydrogen peroxide. It is seen that under some conditions, dose

required for H2O2 decomposition to concentration of <, 0.3% (£ 8.8 x 10"2 mol/dm3) decreased by

many times upon the use of the such combined method. Virtually complete decomposition of

hydrogen peroxide can be achieved by increasing the height of carbon layer, decreasing the rate of

passing the solution and using the comparatively low dose of electron irradiation.

It is possible to represent the following explanation of the results obtained. As it was

mentioned, radiation-induced decomposition of hydrogen peroxide occurs via chain mecha-nism. In

particular, it is confirmed by high radiation-chemical yields of decomposition of this compound. The

G[-H202] values measured by us are equal to 10-50 molecule/100 eV.

The chain mechanism of H2O2 decomposition was considered in detail in Reft. [15,18,19].

Because of it we only note that the chain is initiated by formation of hydrated electrons, H atoms and

OH radicals as a result of water radiolysis. The chain propagation in the absence of oxygen occurs in

1061



reactions of these short-lived species with hydrogen peroxide. The chain is terminated in
combination reactions of free radicals with each other. In the presence of oxygen, hydrated electrons
and H atoms react partially with it forming hydroperoxide radicals which are less reactive towards
H2O2 [20]. In this case, the decrease in the decomposition degree (especially near the end of
decomposition) should be observed. However, in the solutions studied [H2O2] » [O2], and oxygen
has a small effect on H2O2 removal.

Table 1. Decomposition of hydrogen peroxide in aqueous solutions upon y-radiolysis (dose rate 3.1-

3.6 Gy/s)

[HaOjo, mol/dm3

0.46

0.46

0.45

0.36

0.30

0.30

Gas saturating the

solution

Argon

Air

Argon*

Air

Air

Argon

Dose, kGy

27.0

27.0

13.0

44.3

106.4

10.8

Decomposition

degree, %

17.8

16.1

8.5

18.6

34.9

9.4

G(-H2O2),
molecule/100 eV

29.6

26.8

28.1

14.4

9.4

24.2

* Argon was bubbled through the solution upon irradiation.

Table 2. Decomposition of hydrogen peroxide in deaerated solutions upon electron-beam treatment
(dose rate (1.6-4.9) x 10* Gy/s)

CH202]o, mol/dm3

0.97

0.97

0.94

0.51

0.48

0.36*

0.30*

0.25*

0.25*

0.25*

Dose, kGy

85.3

182.0

326.3

11.6

26.3

46.1

94.9

29.4

29.3

41.9

Decomposition degree,

%

13.0

_ 32.0

52.2

8.9

21.5

29.8

51.9

20.8

16.5

28.8

G(-H2O2),
molecule/100 eV

14.3

16.4

14.5

38.0

37.8

22.2

15.7

16.9

13.4

16.4

' Argon was bubbled through the solution upon irradiation.
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Table 3. Effect of formate ions on H2O2 decomposition in aqueous solutions upon electron

irradiation (in the case of deaerated solutions, argon was bubbled through the solution upon

irradiation)

[H2O2]0,
mol/dm3

1.08

0.96

1.04

1.02

1.02

1.08

[HCOO1,

mol/dm3

0

0

0

0.2

0.2

0.2

Gas saturating

the solution

Argon

Argon

Argon

Air

Argon

Argon

Dose, kGy

25.0

100.3

137.2

15.6

15.7

52.4

Decomposition

degree, %

7.8

19.0

19.3

3.7

- 7.7

28.2

G(-H202),
molecule/100 eV

32.3

17.6

14.4

23.2

48.0

55.9

Table 4. Decomposition of hydrogen peroxide in aqueous solutions upon contacting with sorbents

Sorbent*

Activated birch (or beech) carbon BAU

The same

The same

The same

Korean activated carbon

Activated carbon AG-5 (coal)

Carbon KAD (cleaned coke) activated by

iodine

White black (SiO2)

tH202]o, mol/dm3

0.95

0.95

0.97

1.0

0.91

0.96

0.96

0.94

Contacting

time, h

1

2

3.6

5

2

2

2

2

Decomposition

degree, %

30.5

45.3

82.9

96.0

59.5

91.4

93.4

0.72

* The properties of Russian activated carbons are described in Ref. [17].

In deaerated solutions in the presence of formate ions, the formation of COO" radicals occurs

in reactions of HCOO' with OH and H. The COO* radicals are more reactive towards H2O2 in

comparison with OH and H [20]. The concentrations of HCOO" and H2O2 are comparable.

Therefore, the increase in the decomposition degree of hydrogen peroxide must be observed. This

takes place in the experiment. In aerated solutions, COO* can react with oxygen forming

hydroperoxide radical which is less reactive towards H2O2 [20,21]. This is a reason for the lower

decomposition degree in aerated solutions in the presence of formate ions.

Hydrogen peroxide upon passing its aqueous solutions through column with activated carbon

can react with the latter. As a result of the reaction, carbon is oxidized, and H2O2 is decomposed

with formation of water and oxygen [16,22].
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Table 5. Decomposition of hydrogen peroxide as a result of passing deaerated solution through

column with activated carbon of BAU type and subsequent electron-beam treatment (argon was

bubbled through the solution upon irradiation)

[H202]o,

mol/dm3

1.0

0.95

0.97

0.97

0.97

0.98

h, cm

2.5

15

15

15

15

15

v, cm3/min

0.22

0.22

2.0

0.29

0.67

0.22

Decomposition

degree, %

43.1

87.0

35.6

.

85.5

81.4

Dose, kGy

_

12.6

50.5

184.5

Total

decomposition

degree, %

_

90.0

92.0

96.6

[H2O2]r,

mol/dm3

0.57

0.12

0.63

0.082

0.076

0.032

5. Electron-beam treatment of municipal wastewater in the aerosol flow

The facilites for electron-beam treatment of water and wastewater are based on accelerators

with electron energy of ~1 MeV and higher. Such accelerators are expensive that restricts wide

application of the method. We developed the technology of combined electron-beam and ozone

treatment of wastewater with the use of cheaper low-energy electron accelerator. With this purpose

the liquid wastewater is sprayed and irradiated in the aerosol flow in the presence of ozone.

Figure 4 shows the scheme of pilot plant constructed and used for the study on purification of

municipal wastewater. In the figure, (1) is reservoir of wastewater intake, (2) is electric pump unit

for wastewater moving, (3) is sprayer unit (it contains 4 sprayers) for production of the aerosol, (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 can circulate through the irradiation chamber. In the plant,

the accelerator of "Astra" type is used. Some details of its construction and operation principles were

described earlier [23]. The parameters of accelerator and pilot plant are presented in Table 6.

Density of the aerosol formed by the 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. This gives rise to

the use of low-energy electron beam for the treatment of wastewater in the aerosol flow. Since the

density of the aerosol is considerably higher than that of air, electron energy is predominantly

absorbed by water droplets. For example, if the aerosol density is 0.02 g/cm3, the water droplets

absorb over 90% of electron energy. The size of the droplets depends on the diameter of the sprayer

nozzle and the rates of wastewater and air feed. The diameter of droplets was from 50 to 180 \im.

Municipal wastewater from small town Raduzhnyi (Vladimirskaya District, Russia) was

treated by electron beam in the aerosol flow. Wastewater was preliminary purified from large solid

particles by sedimentation and filtration.
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Fig.4. Scheme of pilot plant for combined electron-beam and ozone treatment of municipal
wastewater in the aerosol flow.
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Table 6. Parameters of electron accelerator and pilot plant

Parameter

Accelerator

Energy

Maximum beam power

Maximum pulse frequency

Beam cross-section

Accelerator size

Pilot plant

Output

Power consumption

Occupied area

Speed of air feed

Speed of wastewater flow

Flow thickness in irradiation chamber

Value

0.3 MeV

15 kW

100 Hz

700 x 600 mm

1200 x 800 x 170 mm

500 mVday

58 kW

40 m2

288 dm3/s

9.65 m/s

9 cm

The various parameters of water quality before and after electron-beam treatment at different

doses were measured. The values of COD, BODj, color, odor, transparency, contents of inorganic

pollutants and total number of microbes were determined. The results of the study on various

parameters of unirradiated and irradiated wastewater are listed in Table 7. Note that upon electron-

beam treatment the aggregation of disperse particles occurs and the precipitate is formed; it is

collected at a bottom part of the irradiation chamber. The analysis of precipitate and water over it

was conducted separately. The water was taken for analysis by decantation. The weights of dry

residues were equal to 880, 450 and 280 mg/dm3 at room temperature, 1O3-1O5°C and 178-182°C,

respectively. The formation of precipitate is continued for 20-24 h after irradiation. This post-effect

causes additional (-50%) decrease in the COD values of irradiated water. The initial wastewater has

a dark-gray color. After irradiation, it became colorless.

The special experiments on radiation-induced removal of synthetic surfactants present in

wastewater were carried out. The study was caused by the fact that these pollutants are non-

biodegradable. It was found that dose required for the removal of synthetic surfactants from 13.25 to

0.2 mg/dm3 (the latter is a concentration permitted for service water by Russian State Standard) is

equal to 4-5 kGy.

The content of metal ions in unirradiated and irradiated wastewater and in formed precipitate

was determined by emission spectrophotometry and that of organic pollutants - by chromatography-

mass-spectrometry (CMS). It was found that metal ions are captured by formed precipitate. Their

residual concentrations in irradiated wastewater are considerably lower than concentrations approved

for service water by the respective Russian standards.
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Table 7. Parameters of unirradiated and irradiated municipal wastewater in the aerosol flow

Parameter

Color (units)

Transparency (cm)

Suspended solids

(mg/dm3)

Odor (force)

COD (mg/dm3)

BOD5 (mg/dm3)

Sulfates (mg/dm3)

Phosphates (mg/dm3)

Chlorides (mg/dm3)

Nitrites (mg/dm3)

Nitrates (mg/dm3)

Total number of

microbes (cell/cm3)

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

3.0

<1

Requirements of Russian

State Standard for service

water, not more

20
_

-

30(15*)

9.8

260

8.7

300

0.02

9.1

-

* The permitted limit for water basins for fish farming.separation from wastewater irradiated to dose

1.3 kGy are 20, 500,85 and 50 mg/g, respectively.

The CMS analysis has shown that initial municipal wastewater contains naphthalene and its

derivatives, phenol and its derivatives, alkylbenzenes, derivatives of biphenyls and so on. The

considerable part of pollutants in unirradiated wastewater is consisted of sulfur-containing

compounds (their concentrations are from several dozens up to about one thousand micrograms per

litre) and cholesterol derivatives (their concentrations are up to several hundred micrograms per

litre).

The main part of the organic pollutants are removed with the formed precipitate which is

separated by filtration. The precipitate also captures inorganic pollutants. It was found that the

concentrations of phosphates, sulfates, chlorides and carbonates in the precipitate after separation

from wastewater irradiated to dose 1.3 kGy were 20, 500, 85 and 50 mg/g, respectively.

The results obtained show that the content of organic pollutants in irradiated wastewater

decreased by 2-3 orders of magnitude or the pollutants were absent at all. From the comparison of

the concentrations of pollutants (their amount is about two dozens) not removed completely with the
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concentrations approved for service water by the respective Russian Standards, it follows that the

first of them are noticeable lower than the second. Therefore, electron-beam treatment of municipal

wastewater in the aerosol flow at several kilograys in combination with circulation of irradiated air

containing ozone through irradiation chamber leads to the required purification of wastewater.

The purification is due to the reactions of pollutants with 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. Ozone facilitates the purification via reactions with some organic pollutants

and formation of the additional amount of high-reactive species (for example, OH radicals).

Table 8 shows the results of preliminary evaluation of economic feasibility for the method

under consideration. It is seen that from economic viewpoint the method can compete successfully

with the conventional purification (chlorination and use of biological ponds).

Table 8. Preliminary economic evaluation of combined electron-beam and ozone treatment of

municipal wastewater in the aerosol flow (by 1 January 1995)*

Process

Conventional purification (total)

Chlorination + use of biopond

Electron-beam treatment (after removal of mechanical admixtures by

sand filter) to decrease COD value from 500 to 30 mg/dmJ

The same to decrease the COD value from 150 to 30 mg/dm3

Cost /roubles/m3)

4880

1220

1390

810

* U.S. dollar was equal to 4100 roubles.

6. Conclusion

The results considered allow one to draw the following general conclusions:

1) Electron-beam treatment in combination with some conventional methods gives positive

results for purification of various industrial wastewaters.

2). Combined electron-beam and coagulation method is applicable for the removal of some

soluble and disperse dyes from water.

3). Electron-beam treatment (in combination with the use of activated carbon as sorbent) of

wastewater containing hydrogen peroxide leads to effective decomposition of this compound even at

high concentration.

4). The comparatively cheap low-energy electron accelerators can be used for combined

electron-beam and ozone treatment of municipal wastewater, if it is irradiated in the aerosol flow.

The method is suitable, for example, for purification and disinfection of municipal wastewater of

small towns or villages.
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