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Abstract

In the present study, a try was made to explain the degradation kinetics due
to irradiation of aqueous solutions of some commercial dyes, in the absence of
other specific pollutants of the textile and dyeing industry. These dyes are: two
acid dyes, namely Nylomine Blue AG (Acid Blue 25) and Erionyl Red 2B
(Acid Red 116). A combined treatment of gamma irradiation and conventional
methods was applied to some waste solutions in managable volumes. Fators
affecting the radiolysis of the dye such as dye concentration, irradiation dose,
dose rate and pH of the solutions were studied. The effect of different
additives such as nitrogen, oxygen, hydrogen peroxide and sodium
hypochlorite on the degradation process were investigated. The effect of irra-
diation dose on the different dye solutions at various concentrations, showed
that the acid dye (Acid Red 116) was very sensitive to gamma radiation. Using
a low dose rate (0.3 Gy/Sec.) resulted in more degradation of the dyes than
using higher dose rates (0.61 and 1.22 Gy/Sec.). The effect of the pH of the
dye solutions proved to vary according to the type of the dye.

Synergistic treatment of the dye solutions by irradiation and conventional
methods showed that the saturation of the dye solutions with nitrogen did not
enhance the radiation degradation of these dyes. On the contrary, addition of
oxygen resulted in a remarkable enhancement of the radiation degradation of
the dye solutions. Also, the addition of sodium hypochlorite (5% by weight)
and the oxidation by hydrogen peroxide of concentration between 2 mM and
10 mM resulted in more radiation degradation. The radiochemical yield of the
degradation process. The effect of the additives on the degradation process was
in the following sequence according to more degradation of the dye molecules
(NaOCl > H2O2 > O2 > Air > NJ Adsorption purification of the dyes onto
GAC and Strong Cation Exchanger Merck I showed the best adsorption was at
pH = 3 followed by the neutralmedium. GAC showed the highest adsorption
capacity for the two acidic dyes compared with the ion exchangers. It may be
concluded that radiation degradation of the toxic dye pollutants and their
removal from wastewater down to oncentrations not exceeding the maximum
permissible concentration (MPC) according to international standards, proved
to be better than the conventional methods of purification alone and more
economical as well.

INTRODUCTION

The treatment of textile dye waste effluents poses a serious environmental

problem. Many of the dyes are not readily biodegradable and complete

removal in many cases is a relatively expensive process. On the other hand,

incomplete removal is a serious health hazard, since synthetic dyes maintain
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their stability in the aquatic environment for more than four months^1"4*. In

addition chemical coagulation and oxidation are not effective means for the

removal of these organics from wastewater. Ionizing radiation proved to be

more effective for the treatment of these wastewaters than ordinary

conventional methods. Some studies dealing with use of gamma irradiation in

the treatment of wastewaters have shown that the most considerable effect that

is the effective degradation of the dye molecules by the primary products

formed from the radiolysis of water, is accompanied by the oxidation of part of

the organic substances and is a function both of pH and oxygen concentration

of the solution (5-10).

In the present study, two acid dyes will be used, namely, Nylomine Blue

AG (Acid Blue 25) and Erionyl Red 2B (Acid Red 116). The degradation

kinetics due to gamma irradiation of aqueous solutions of these commercial

dyes in the absence of other specific pollutants of the textile and dyeing

industry will be investigated. A combined treatment of gamma irradiation and

conventional methods will be applied to some concentrated waste solutions in

managable volumes. The combined treatment is much more effective than

either alone. Factors affecting the radiolysis of the dyes such as dye

concentration, irradiation dose, dose rate and pH of the solutions will be

studied. Synergistic effects resulting from adding different additives such as

nitrogen, oxygen, hydrogen peroxide and sodium hypochlorite on the

degradation process will be investigated. Also, an evaluation of the feasibility

of using Granular Activated Cabon (GAC) and some ion exchange resins for

the removal of dyes from aqueous solutions will be also studied.

EXPERIMENTAL

1. Materials:

Two acid dyes were used in the present work, namely Nylomine Blue AG

(Acid Blue 25) and Erionyl Red 2B (Acid Red 116). Three adsorbent materials
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were used in the adsorption studies; a strong cation exchange resin (Merck

Cation Exchanger I), a strong anion exchange resin (Merck Anion Exchanger

III) and Granular Activated carbon (GAC). All chemicals used were reagent

grade and were used as received. De-ionized distilled water was used in the

preparation of dye solutions without any contaminants.

Dyes:
a. Acid Blue 25 (Nylomine Blue AG)

Molecular formula (C20H13O5N2SNa)

Molecular weight 416

b. Acid Red 116 (Erionyl Red 2B)

Molecular formula (C22H15O4N4SNa)

Molecular weight 454
HO

2. Adsorbents:

2.1. Ion Exchange Resins

Strong Anion Exchanger Merck III was supplied by Merck Laboratories,

Germany. It i a highly basic anion exchanger, it is a polystyrene derivative

with anchored quaternary ammonium groups, mesh 0.3-0.6 mm, and an

exchange capacity of 2.9 m.Eq./g. Strong Cation Exchanger Merck I was

supplied by Merck Laboratories, Germany. It is a highly acidic sulphonated

cation exchanger of the polymerization type based on styrene-divinylbenzene

(Sty/DVB) copolymers, mesh 0.4-0.6 mm, with an exchange capacity of 4.5

m.Eq./g, and a nominal divinyl benzene content of 8%.
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2.2. Granular Activated Carbon (GAC)

BACM granular activated carbon was supplied by Mitsubishi Company,

Japan. It is spherical beads with surface area 1100 m2/g, density in dry state

0.992 g/cm3 and the particle size fractions were 0.3-0.42 mm. The moisture

content in the BACM activated carbon was 5.8%.

2.3. Adsorption Studies:

For Adsorption Studies, adsorption isotherms were determined by the

batch method for all adsorbents. Carefully determined amounts of adsorbent

equal to one gram were added to 100 ml of buffered adsorbate solution with

concentrations from 2 mg/1 up to 100 mg/1. The beakers were sealed by an

aluminium foil paper, stirring mechanically and then left for 8-14 days at room

temperature (25 °C).

3. pH and U.V. Measurements:

The pH of the solutions was measured by a Hitachi-Horiba M.5 pH meter,

Japan. The concentration of dye solutions was determined by measuring the

absorbance at different wave lengths: 596 nm for acid blue dye and 502 nm for

acid red dye solutions. Optical density measurements were carried out against

blanks of the individual solvents at room temperature (25° C). A single-beam

U.V. visible spectrophotometer, Milton Roy Spectronic 1201, U.S.A. was

used.

4. Synergistic Effect Studies:

In the present work, oxidizing and decolourizing agents were used to

minimize the consumption of gamma radiation doses. Saturated-nitrogen and

saturated-oxygen dye were prepared by bubbling the gas for 15 minutes before

gamma irradiation. Hydrogen peroxide as an oxidizing agent and sodium

hypochlorite as a decolourizing agent coupled with gamma radiation were

added to the dye solutions to study the synergistic effect on the degradation of

the different dyes.
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RESULTS AND DISCUSSION

1. Radiation Degradation of Dyes:

1.1. Effect of Irradiation Dose and dose rate

The effect of irradiation dose in KGy on the different dyes at various

concentrations was studied. Various concentrations of Acid Blue 25 and of

Acid Red 116 ranging from 50-150 mg/1 were subjected to different doses of

gamma radiation up to 50 KGy and results are shown in Fig. (1). It can be

seen that the radiation degradation of Acid Red 116 dye was much more than

that of Acid Blue 25 at a concentration of 150 mg/1 and an irradiation dose of

50 KGy, the concentration of Acid Blue 25 dropped from 150 mg/1 to 32 mg/1,

while Acid Red 116 the concentration dropped to 15 mg/1 at the same

conditions. This may be attributed to the difference in the structure of both

dyes. The (-N=N-) groups are very sensitive to radiation and are ruptured

immediately when exposed to low doses of gamma radiation.

The effect of the dose rate on the radiation degradation of the two acid

dyes studied was investigated at three different dose rates, namely 1.22, 0.61

and 0.30 Gy/S and the results are illustrated in Fig. (2). The general trend for

the degradation process is that the percent degradation is highest for the lowest

dose rate (0.30 Gy/S), followed immediately by dose rate 0.61 Gy/S and the

dose rate 1.22 Gy/S showed a lower degradation percent. Suzuki et al.(8)

reported also some dependence of the radiation degradation on the dose rate.

1.2. Effect of pH

Figure (3) shows the effect of irradiation dose on the pH of the dye

solutions at dye concentration of 100 mg/1. The pH influence has proved to

vary according to the type of the dye. For Acid Blue 25 dye, a slight decrease

of the pH was observed in alkaline medium (pH 10), while no change was

observed at pH3 or pH7. Acid Red 116 showed a remarkable decrease in pH 3
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and 7, while no change in pH was observed in the alkaline medium. The drop

in the pH of the dye solutions may be attributed to the mechanism of the

radiation degradation process taking place in the studied system of the dye

molecules to lower molecular weight compounds, such as organic acids. The

dye molecules are degraded effectively by the primary active species formed

from the radiolysis of water such as OH, H+ , HO2 and the solvated electron

(e ). The energy of gamma radiation absorbed in the wastewater is converted

to these active species which reacts effectively with very dilute pollutants such

in our case. The effect of the pH of the dye solutions at various irradiation

doses leads to the degradation of the dye molecules to lower molecular weight

compounds and consequently the concentration of the dye decreases.

Figure (4) shows the relationship between the degree of regradation of the

dyes with irradiation dose at various pH values. It can be seen from Fig. (4)

that the amount of the dye degraded was high at pH 3, followed by that at pH

7 and the degradation was lowest at pH 10. It seems that the formed organic

acids due to the radiation degradation of the dye was somewhat neutralized by

the radiolysis product. The decrease in pH and the radiation degradation of the

dyes was remarkable in the case of Acid Red 116 as shown in Fig. (4).

Piccinini et al.(9) reported similar radiation degradation behaviour versus pH

which is different according to the dye type, and that some of the dyes are

more destroyed in the basic medium, others in the acid medium, and some

others are poorly influenced by pH. Also, secondary products formed due to

recombination or transformation of the primary species (forming H2 and H2O2)

also take part in the degradation process. In the presence of organic substances

reactions occur with the primary species of various types: demolitions,

polymerizations, hydroxylations, reductions and in the presence of dissolved

oxygen, oxidations caused by HO2 and O2"2 species^7"10*. One can conclude that

the radicals are to be considered as mainly responsible for dye degradation,

they lead in fact to the formation of organic radicals that are able in turn to

react or transform and form either simpler products or products of a greater
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Fig. (5): Effect of irradiation dose (KGy) on the degree of degradation
(%) in N2 atmosphere for acid Blue 25 at various pH values.

molecular complexity at different oxidation stages. In any case, the structure

changes always involve a diminished dye absorptivity, as unsaturated

conjugated bonds constituting the chromophores are entirely or partially

destroyed and products appear either colourless or less intensely coloured than

the original substance(11).

2 . Synergistic Effects on Dyes by Irradiation and Conventional

Methods:

The reactions occurring in this system can be amplified by the use of a

combined treatment of gamma irradiation and additives such as oxygen,

nitrogen, sodium hypochlorite and hydrogen peroxide.

2.1. Nitrogen-Saturated Dye Solutions:

Results showed that Acid Red 116 was almost degraded by gamma

radiation at a low dose of about 10 KGy, indicating that irradiation of this dye

was enough to achieve it's complete destruction. However, Acid Blue 25,
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showed that high gamma radiation doses were needed for it's degradation and

no complete destruction of the dye was achieved by irradiation alone.

The synergistic effect of gamma irradiation coupled with nitrogen gas

bubbled in the dye solutions (Acid Blue 25) at various pH (pH = 3,7 and 10)

is shown in Fig. (5). It was noticed that more degradation of the dyes occurred

in the acidic medium (pH = 3) than in the neutral and alkaline media. This

behaviour is similar to that observed in the case of radiation degradation of

these dyes in the absence of nitrogen. The saturation of the dye solutions with

nitrogen did not enhance the radiation degradation of the dyes.

2.2. Oxygen-Saturated Dye Solutions:

The degree of radiation degradation of the oxygen-saturated Acid Blue 25

dye solutions was investigated and results are shown in Fig. (6). The addition

of oxygen resulted in an enhancement of the radiation degradation of the dye in

the acidic medium. The irradiation of the dye solutions with gamma radiation
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Fig. (6): Effect of irradiation dose (KGy) on the degree of degradation
in O2 atmosphere at various pH values.
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leads to the formation of radical and molecular products formed from the

radiolysis of water. Many authors(6"8) reported that in addition to the primary

OH radicals, the species (HO2 and O2) contribute to the degradation process

and that this process in the presence of oxygen leads to the formation of

peroxides which contribute also to the degradation reactions.

The influence of dissolved oxygen is generally apparent when working in

open air condition and much greater when the degradation was carried out in

oxygen-saturated dye solutions. A certain dependence between oxygen

concentration and pH, which leads to assume that the global effect can be

better understood by a tridimensional relationship between degree of

degradation, pH and oxygen concentration. The mechanism of the reactions

leading to dye degradation is mainly of the radical type, consequently, the

observed behaviours versus pH are to be connected with the acid-base

properties of both primary radical species, (eaq and OH as well as O2
2 have a

basic character, so that in an acid medium a partial transformation occurs in

the corresponding protonated species H+ , H2O+ and HO2) and secondary

species, i.e., the radicals produced by organic substance fragmentation, the

different relative reactivity of the various species as pH changes, involves

different behaviours according to the structure of the original dye molecule.

The inter-dependence between the influence of concentration of H + and O2 is

sufficiently clear, when taking into account the effect of dissolved oxygen

already discussed, resulting in an increase in radical concentration owing to the

appearence of species HO2 and O2
2, whose concentrations are linked by acid-

base equilibrium ^7

3.3. Hydrogen Peroxide:

Fig. (7) shows the degree of radiation degradation of the dye Acid Blue 25

as a function of radiation dose in KGy and at a constant dye concentration of

100 mg/1 and a constant H2O2 concentration of 5 mM measured at various pH
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Fig. (7): Effect of irradiation dose (KGy) on the degree of degradation in
presence of H2O2 (5 m.mol) for Acid Blue 25 at various pH values.

values (pH = 3,7 and 10). The results showed that for the Acid Blue 25 dye, a

radiation dose of 20 KGy was needed for the destruction of the dye at pH = 3.

However, complete degradation of the dye was not achieved at pH = 7 and pH

= 10. It is obvious that the degradation reaction is promoted by addition of

hydrogen peroxide. Hydrogen peroxide reacts rapidly with the hydrated

electron formed from the radiolysis of water, leading to the formation of OH

radical<10-12>.

H 2 O 2 eeq
O H + O H "

Therefore, the increase in the degree of degradation by addition of

hydrogen peroxide would be mainly attributable to increasing of the OH

radical thorugh the reaction above, in addition to the primary OH radical. This

finding suggests that the OH radical destroys the dye chromophore more

efficiently than the hydrated electron does. Increasing the hydrogen peroixde

concentration above 5 mM resulted in a decrease in the degree of degradation.

As the hydrogen peroxide concentration increases, a part of the OH radicals

are scavenged by the excess hydrogen peroxide.
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2.4. Sodium Hypochlorite

It was found that, when dye solutions are treated with sodium hypochlorite

(5%) followed by exposure to gamma radiation, the degree of radiation

degradation of the dye increases. The increase is not linear over the range of

radiation dose studied as shown in Fig. (8).

For the Acid Blue Dye 25, the highest degradation occured at pH = 3,

followed by the neutral medium and the least degradation was observed in the

alkaline medium. The radiation degradation depends on the type and the

physicochemical characteristics of the dye, a fact reported by many authors(6"
10). The effect of pH on the radiation degradation may be explained in terms of

the various chemical equilibria present in the system. The ionizable sites of the

dye molecules are sensitive to pH, but the major differences are probably due

to differences in the hypochlorite equilibria(13>14). Dilute hypochlorite solutions

contain three principal substances which are active in chlorination and

bleaching, and in other oxidation reactions. These are chlorine (Cl2),
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Fig. (8): Effect of irradiation dose (KGy) on the degree of degradation in
presence of 1 ml NaOCl (5% by weight %) for Acid Blue 25 at various
pH values.
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hypochlorous acid (HC10) and hypochlorite ion (CIO), and their relative

proportions are governed primarly by the pH of the solution. At pH = 4 the

equilibrium is such that the active compounds consist of about 10% chlorine

and 90% HC1O. At pH 6.5, no Cl2 is present and the equilibrium is HC1O

(95%) and CIO (5%). At pH 8.5, the CIO form accounts for more than 95%

with the balance HC1O. It is clear that considerable acceleration and improved

effectiveness may be obtained in the treatment of dye waste, typical of the

textile industry, by the simultaneous application of gamma radiation and

chlorination.

The mechanism of the operation is not entirely clear, but it may be

assumed that the creation of the free radicals by the radiolysis of water may

accelerate the bleaching action of the chlorine^13 &14). In addition, the gamma

radiation may break some bonds in the dye molecules. Changes subsequent to

irradiation may be due to exposure to air, to slow recombination or

modification of the dye molecules, or to delayed chlorine attack. It is significant

that most of the degradation effects occur close to the beginning of the

irradiation-chlorination treatment and are limited probably mainly by the

diffusion control of potential scavengers.

The effect of the additives in the dye solutions on the degradation process

was in the following sequence according to more degradation of the dye

molecules achieved: Sodium Hypochlorite > Hydrogen peroxide > oxygen

> Air > Nitrogen.

Adsorption Purification of Surface Water from Dyes:

Figures (9 and 10) show the relationship between the adsorption capacity

(mg/g) of Granular Activated Carbon (GAC), Strong Cation Exchanger Merck

I and Strong Anion Exchanger Merck III for the Acid Dyes (Acid Blue 25 and

Acid Red 116) and the equilibrium concentration at different pH values (pH 3,

7 and 10) and an initial concentration between 2 and 100 mg/1. Acid Blue 25
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showed somewhat higher adsorption capacity on GAC and Merck I than Acid

Red 116 at all pH values. However, the opposite behaviour was shown when

using the strong anion exchanger Merck III, (Acid Red 116 was removed more

than Acid Blue 25), although the absolute amount of pollutant removed was

much less than in the case of using GAC and Merck I. The general trend is

that better adsorption capacity for all adsorbents was observed at pH 3,

followed by the neutral medium pH 7 then at last the alkaline medium pH 10

(Figs. 9 & 10). This may be due to the fact that the uptake by changing the

buffering pH value is greatly affected by the ions of buffer solution of the dyes

since, it helps the migration of these charged molecules to be difused onto the

macro-porous(16'20). Granular activated Carbon (GAC) showed the highest

adsorption capacity for the two acid dyes compared to the ion exchange resins

used. This may be attributed to the very high surface area of GAC (1100 m2/g)

and the high porous nature which causes internal and external distribution

within the carbon particle more than the case of the synthetic polymeric ion

exchangers(20).

In order to successfully represent the dynamic adsorptive behaviour of any

substance from the fluid to the solid phase, it is important to have a

satisfactory description of the equilibrium state between the two phases

composing the adsorption system. The equilibrium relationships in adsorbers

can often be described by a Freundlich relationship, provided there is no

association or dissociation of the molecules after they are adsorbed on the

surface and a complete absence of chemi-sorption^0^

X/m = KCe
1/n

where:

X: is the amount of dye adsorbed in mg/1.

m: is the amount of adsorbent in gram required to adsorb X in mg/1.

K and 1/n are empirical constants.

Ce: is the concentration of dye solution at equilibrium.
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The values of K and 1/n were calculated in the log form of Freundlich

adsorption equation for the different adsorbents at equilibrium concentration

for the different dyes (where 1/n is the slope and K is the antilogarithm X/m

value).

The relationship between log equilibrium concentration (residual

concentration) and log X/m (log adsorption capacity) at different pH values

(pH 3, 7 and 10) was calculated and is illustrated in Table I. The numerical

values for K show high adsorption affinity of the adsorbents Granular

Activated Carbon (GAC), followed by Cation Exchanger Merck I, then the

Anion Exchanger Merck III at pH 3. Variation in the slopes (1/n) and

intercepts of the lines (K) reflects the effect of physico-chemical characteristics

of the dyes on the adsorption process and their affinity for adsorption. In

general, as the (K) value-increases, the adsorption capacity of adsorbent for a

given compound increases. The slope of the isotherm line may also

characterize the adsorption process. Steeper slopes indicate relatively good

adsorption of the compound when present in high concentration. Slight slopes

indicate comparable adsorption over the entire range of concentrations.

Consequently, the adsorption parameters (K and 1/n) describe on quantitative

basis the adsorption process and account for the variation in adsorbent doses

required for the removal of dyes.

It may be concluded that the radiation degradation of toxic dye pollutants

and their removal from wastewater down to concentrations not exceeding the

maximum permissible concentration (MPC), according to international

standards, proved to be better than the conventional methods of purification

alone and more economical as well. A combination of the radiation degra-

dation and adsorption process at the end of a treatment sequence may be the

best way for the complete removal of many organic pollutants.
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Table (I): Adsorption Isotherm Parameters (Freundlich Constants K and 1/n) for different

adsorbents and the Acid Dyes at various pH values.

Dye

Adsorbent

GAC Merck I

PH, pH7 pH10 PH, PM, pH10

1/n | k |1/n | k |1/n |k 1/n |k |1/n |k |1/n |k

H h

Merck Mt

I PH10

1/n | k |1/n | k |1/n |k

1 1 1 1 1
0.025| 2.0 |0.022| 1.7 |0.022|1.3

Acid Blue 25 0.16(22.4 |0.16| 7.1 |0.095|2.0 | 0.18J7.9 |0.16|2.8 |0.09|1.5

H h H 1—
|0.06 (2.5
I i

Acid Red 116 | 0.24|25.1 |0.22|15.9 |0.19 |8.0 | 0.075|8.9 |0.05|2.6 |0.05|1.55 0.23 |44.7 |0.24
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