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n Introduction 
Synthetic surfactants have become a 
significant fraction of dissolved organic 
pollutants in water eco-systems. The 
contribution of non-ionic surfactants is 
still growing, and at present alkylphenyl 
polyetoxylates are most widely used at 
industrial level [1]. A significant amount 
of pollution by non-ionic surfactants 
has its origin in textile wastewater. In 
the near future a decreasing tendency 
to apply them may be expected, due to 
their resistance to biodegradation and 
the generation during the degradation 
of some persistent metabolites which 
are much more toxic than the primary 
substrate [1,2]. 

One of the most extensive method of 
wastewater treatment is oxidation. 
Chemical oxidation processes have been 
used to decompose surfactants to termi-
nal end-products (CO2 and H2O), or to 
intermediate ones that are more sensitive 
to biodegradation, or less toxic. 

Oxidation can be carried out in the sim-
plest way by the direct reaction of oxygen 
with the wastewater. In order to increase 
the yield of the process, oxidation at high 
temperatures and high pressure can be 
applied. Oxidation of pollutants can 
also be done by using not only oxygen 
but also other agents. Ozone, hydrogen 
peroxides, chlorine, chlorine dioxide, 
persulphate and potassium permanganate 
are oxidants which have been success-
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fully applied in water and wastewater 
treatment. 

Ozone is a very strong oxidant, more 
powerful than others commonly used 
in water purification [3,4]. When ozone 
is introduced into wastewater contain-
ing organic impurities, it can react with 
them directly under acidic conditions, 
or through oxidation of the additives via 
reaction with OH radicals. These very re-
active species are also generated by acti-
vation of hydrogen peroxide using differ-
ent stimulation agents such as UV light, 
ionising radiation and Fenton’s reagent, 
or the photo-catalytic action of TiO2. 

It is commonly accepted to refer to the 
simultaneous (synergetic) action of the 
oxidising agents under consideration as 
‘advanced oxidation processes’ (AOP). 
The efficient reaction of OH radicals 
with impurities can explain the good 
yield and versatility of AOPs. 

The aim of this paper is to discuss the 
reactivity of OH radicals against hard, 
non-ionic surfactants of the alkylphenyl 
polyethoxylate type (Triton X-n). The 
structure of Triton X-n is shown below:

where ‘n’ can be within the range of 3-40. 
These non-ionic detergents are common 
constituents of household wastewater, 
but especially from industrial processes 
including textile factories. 

The pulse radiolysis technique seems to 
be the best direct experimental tool for 
investigating fast processes in the times-
cale from picoseconds to seconds [5]. 
This method helps to establish the rate 
constants of many reactions involving 
reactive species i.e. eaq-, ˙OH, H˙, HO2˙ 

radicals, and compounds under consid-
eration including surfactants. 

Many of the issues examined in this 
paper relate to topics already addressed 
in our own work. We apologise for this, 
but as a matter of fact a research project 
devoted to this subject was carried out 
in our laboratory in the first half of the 
nineties.

n Reactive Species in Water 
Radiolysis 

The radiolysis of de-aerated water pro-
duces hydrated electrons eaq-, H atoms 
and OH radicals. These primary inter-
mediates are generated together; hence, 
oxidation (OH radicals) and reduction 
(eaq- and H atoms) may occur at the same 
time, making the system rather complex. 

The reaction of any compound with 
eaq- has to be investigated in an aque-
ous solution containing tert-buta-
nol (0,1 mol dm-3) as a OH radical 
scavenger (k(OH + tert-butanol) = 
5.9⋅108 mol-1dm3s-1 [6]). 

An H atom reaction with the solute can 
be investigated in an aqueous solution 
containing tert-butanol (0.01 mol dm-3) 
as an OH radical scavenger and HClO4 
(0.1 mol dm-3) in order to convert eaq- 
into H atoms (k(H+ + eaq-) = 2,3⋅1010 
mol-1dm3s-1 [7]). 

The reaction of the surfactant with OH 
radicals can be investigated in an aque-
ous solution saturated with N2O in order 
to convert eaq- into OH radicals (k(eaq- + 
N2O) = 9,1⋅109 mol-1dm3s-1 [8]). More 
details concerning the mechanisms and 
kinetics involved in the above-mentioned 
reactions can be found in [9]. 

In the presence of oxygen eaq- and H, 
atoms can be converted into O2˙ˉ and 
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HO2˙. The rate constants of these re-
actions are very high: k(eaq- + O2) = 
1.9⋅1010 mol-1dm3s-1 [10]; k(H + O2) = 
2.1⋅1010 mol-1dm3s-1 [11]). 

n The Reducing Species in 
Radiolysis of Water-Non-Ionic 
Surfactant System 

The reactivity of transient intermediates 
generated during the radiolysis of water 
can be tested at a very low concentration 
of pollutants, i.e. µmol - mmol per litre, 
depending on the rate constants of the 
reactions under consideration. 

In more concentrated aqueous solutions 
of non-ionic surfactants, a change in 
the microstructure of the system can be 
expected. When solubilised in water, sur-
factants generally tend to self-associate 
spontaneously above a particular con-

centration called the critical micelle con-
centration (CMC). Such an effect should 
influence the kinetic properties of the de-
tergent molecules. The CMC values for 
Triton X-n - water system are rather low, 
less than 1 mmol dm-3 [12]. In addition, 
for very concentrated systems the energy 
deposited would be proportional to the 
electron fraction of each of the surfactant 
and water components. 

A pulse radiolysis investigation demon-
strated the formation of two solvation 
sites for radiolytically generated ex-
cess electrons in 20-70% Triton X-100 
- water mixtures [13]. The electrons 
solvated in the aqueous ‘phase’ showed 
the well-known absorption band with 
λmax ~ 720 nm, whereas the electrons 
solubilised in the surfactant’s palisade 
layer were characterised by absorption 
with λmax ~ 630 nm. The formation 
of Triton X-100 radical cations was 

observed; after recombination with the 
electrons, a strong emission with λmax 
~ 305 nm was generated. It was proved 
that the structure of the surfactant-water 
system had influenced the reactivity of 
both types of solvated electrons against 
impurities [13]. 

The reaction of Triton X-100 with eaq- 
was investigated in an aqueous, homog-
enous solution containing Triton X-100 
(1.6÷22)×10-4 mol dm-3 and 0.1 mol dm-3 
tert-butanol as a OH radical scavenger 
[14]. The transient spectrum caused by 
the reaction of eaq- with Triton X-100 
represented well-known eaq- absorption 
with λmax ~ 730 nm and a very weak 
band in near UV produced as a result of 
an OH reaction with tert-butanol [14]. 
The initial, end-of-pulse absorption of 
eaq- did not depend on the Triton X-100 
concentration in this system. The reactiv-
ity of Triton X-100 against eaq- seems to 
be very low, close to the value found for 
‘pure’ water [14]. The results are in good 
agreement with previously described ex-
periments [13]. 

The reaction of Triton X-100 with H at-
oms was found to be quite fast. The cor-
responding rate constant was calculated 
to be 1.25⋅⋅109 mol-1dm3s-1 [14]. 

n The Reactions of OH Radicals 
As mentioned earlier, the reaction of OH 
radicals with surfactants can be observed 
in an N2O-saturated solution. The tran-
sient absorption spectra generated by 
the reaction of OH radicals with Triton 
X-n (where n=45, 100 and 405) can be 
detected in near-UV range (≤380 nm) 
[12,14], with maxima at ca. 300-320 nm 
(Figure 1). These spectral bands can be at-
tributed to cyclohexadienyl-type radicals 
formed as a result of OH addition to the 
aromatic ring of detergents under consid-
eration. The cyclohexadienyl-type radical 
bands decayed according to second-order 
kinetics for [Triton X-n] < CMC, prob-
ably leading to dimer formation [15]. 
The pseudo-first order rate constants 
of the reaction of Triton X-n with OH 
radicals were calculated from the rates 
of build-up of the absorption at 300 nm 
(see Figure 1 inserts). The dependence 
of the pseudo-first order rate constants 
of the product band growth vs. the Tri-
ton X-n concentration was characterised 
by two linear regions which intersect in 
the range of the CMC values for each 
surfactant (Figure 2, Table 1). This type 
of relationship indicates a sharp decrease 
in OH reactivity toward the surfactant in 
aggregated form. 

Figure 1. The 
absorption spec-
tra of transients, 
following pulse 
radiolysis of N2O-
saturated Triton 
X-n neutral aqueous 
solutions. [Triton 
X-45]=2.35⋅10-4 
mol dm-3, [Triton 
X-100]=1.6⋅10-4 
mol dm-3, [Triton 
X-405]=0.51⋅10-4 
mol dm-3. The dose 
in the 17 ns pulse 
equals 36-40 Gy. 
Spectra taken at 
1 µs after the pulse. 
Insert: The forma-
tion of product ab-
sorption at 300 nm, 
1 µs/div. Adapted 
from [12,14]. 

wavelenght, mm

Table 1. The rate constants of OH radicals with monomeric and aggregate forms of the 
Triton X-n, along with CMC values. Data taken from [12,14]. 

Triton X-n n Rate constant
k1 . 10-9,

Rate constant
k2 . 10-9, CMC,

mol-1dm3s-1 mol-1dm3s-1 mmol dm-3

X-45   5.0 5.53 0.56 0.30
X-114   8.5 6.60 0.35 0.27
X-100   9.5 (8.8 - 9.60) 0.50 0.23; 0.27
X-305 30.0 18.0 0.50 0.11
X-405 40.0 32.7 0.28 0.076
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The corresponding second-order rate 
constants for OH reactions with Triton 
X-100 in monomer (below CMC) and ag-
gregate forms (above CMC) are present-
ed in Table 1. The CMC value found for 
Triton X-100, i.e. 2.3⋅10-4 mol dm-3, is in 
good agreement with the average value 
(2.26⋅10-4 mol dm-3) calculated on the 
basis of the literature data listed in [12]. 

The rate constants k1 of the OH reaction 
with the monomeric form of Triton X-n 
strongly suggest that the linear size of 
the molecule influences the k1 value. As-
suming that the length of the oxyethylene 
chain is proportional to the number n of 
oxyethylene groups -CH2-CH2-O-, the 
linear dependence of k1 against n can be 
found (Figure 3). No such dependence is 
observed in the case of k2 rate constants 
of OH reaction with aggregated forms of 
Triton X-n. 

The rate constant of the reaction of OH 
radicals with the Triton X-100 micelles 
may be calculated by multiplying the k2 
by the agglomeration number, which is 
only known for Triton X-100. Using the 
values100-140 [16], one can obtain the re-
spective numbers (5-7)⋅1011 mol-1dm3 s-1, 
indicating the diffusion-controlled reac-
tion of OH with these surfactant micelles 
[12]. For Triton X-100 concentration > 
CMC, the micelles and monomer mol-
ecules are in dynamic equilibrium and 
compete against OH radicals.  However, 
in both reactions the cyclohexadienyl 
type radicals were formed as a product 
[14]. In addition, the OH radicals can 
also attack the surfactant molecule via 
H atom abstraction at either the aliphatic 
or poly(ethylene oxide) chains, but such 
radicals are absorbed at wavelengths 
substantially shorter than 280 nm. Such 
a band was successfully detected in the 
case of Triton X-405 [12].

n OH Radicals Induced 
Decomposition of Triton X-100 

The total decomposition of the Triton 
X-100 surfactant was observed in the 
gamma-irradiated, de-aerated aqueous 
system, but the highest yield was found 
in an N2O-saturated, neutral solution 
due to the reaction with OH radicals 
[14,17]. 

The absorption spectrum of Triton X-100 
in a neutral aqueous solution containing 
N2O can be characterised by two bands 
in the UV spectral range: λ=225 nm 
(ε225=7490 dm3mol-1cm-1) and λ≈275 nm 
(ε275=1435 dm3mol-1cm-1) due to aro-
matic ring absorption. As a result of 
gamma-irradiation of the 60Co source, 
the 225 nm band evidently decreased 
with the dose decreasing to the negligible 
value in the dose range down to 30 kGy 
(Figure 4). This effect was Triton X-100 
concentration-dependent.

The decomposition yield G(-Triton 
X-100), found using the polarographic 
method [17] for Triton X-100 concentra-
tions in solution from 8.3⋅10-5 mol dm-3 

to 1.8⋅10-3 mol dm-3, increased from 
G(-Triton X-100) = 1.06 up to G(-Triton 
X-100) = 4.22 respectively [17]. The 
radiation yield G can be defined as the 
number of molecules generated (decom-
posed) as a result of the 100 eV dose. 
This original, old unit for these yields is 
still in use, although the use of mol J-1 is 
recommended. The relationship between 
these units is 1 mol J-1=9.65⋅106 mol-
ecules (100 ev)-1. 

Up to a dose of ca. 30 kGy, no turbidity 
effect was observed for the solution con-
taining 1.6⋅10-4 mol dm-3 Triton X-100. 
For more concentrated Triton X-100 so-
lution (≥ 8⋅10-4 mol dm-3), turbidity was 
found after a 30 kGy dose. The turbidity 
effects observed in our experiments can 
be explained in terms of the crosslink-
ing of the surfactant molecules [18]. The 
formation of a large network requires 
bridges between all the participating 
surfactant molecules. The turbidity effect 
was found to be dependent on the Triton 
X-100 concentration and the dose rate 
(time of irradiation). The competition 
between the reactions of OH radicals 
added to the aromatic ring and H atoms 
abstracted from the side chains of Triton 
X-100 can explain the turbidity concen-
tration effects found in the case of OH 
radicals with tenside molecules. 

Bearing our pulse radiolysis data [14] 
in mind, the cyclohexdienyl type adduct 

Figure 2. The influence of Triton X-n 
concentration on the pseudo-first order 
rate constants of the reaction between OH 
radicals (measured at 300 nm) and Triton 
X-n; 17 ns pulse, dose equals 40 Gy. Typical 
dependence for data from [12,14]. 

Figure 3. The dependence of rate constants 
of OH radicals’ reaction with the monomeric 
form of the surfactant vs. the number of 
–CH2–CH2O– units.

Figure 4. The influ-
ence of dose during 
gamma irradiation 
experiments on the 
spectrum of Triton 
X-100 in an N2O-
saturated aqueous 
system: [Triton 
X-100]=1.6⋅10-4 
mol dm-3. Insert: 
influence of low 
doses on the optical 
density of the sam-
ple taken at 275 nm 
and 250 nm. Data 
from [17].
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can be formed during the first primary 
step. The adducts decay by a second-
order process leading to the radiolysis 
end-product described by an absorption 
spectrum similar to that shown in Fig. 4 
(residual absorption after 15 kGy) [17]. 
Using high doses of ca. 30 kGy and 
more, the UV absorption disappeared, 
and the solution started to be transparent 
although not obviously ‘pure’. 

n Oxygen Effect in the 
Radiolysis of Polluted Water 

In practice, the ionising radiation is often 
applied in the continuous presence of 
air. Thus, the reducing species initially 
formed during the radiolysis of polluted 
water, i.e. H atoms and eaq-, as well as the 
organic radicals, are largely transformed 
into peroxyl intermediates. The main 
reactions leading to the organic radicals 
are due to the reactivity of OH radicals, 
as was discussed previously. 

In the presence of oxygen, the reducing 
species, i.e. the eaq- and H atoms, take 
part in the following reactions:

eaq- + O2 → O2˙–

H˙ + O2 → HO2˙

The rate constants of these reactions are 
very high, as previously discussed. The 
organic radicals R˙ can also be scavenged 
by oxygen:

R˙ + O2 → RO2˙ (ROO˙)

The recombination of ROO radicals can 
generate various products, i.e. carbonyled 
and carboxylated compounds, alcohols 
and even H2O2 and O2 molecules [19]. 

The Triton X-100 decomposition yield 
was dependent on the O2 content in the 
irradiated system. The oxygen promoted 
surfactant decomposition in the aque-
ous solution containing Triton X-100 
[20,21]. The G(-Triton X-100) for the 
oxygen-saturated, neutral aqueous sys-
tem ([Triton X-100] = 1.8⋅10-4 mol dm-3) 
was almost two times higher than for the 
argon-saturated solution. 

It is interesting to note that the G(-Tri-
ton X-100)=0.12 for gamma-irradiated 
solutions where HO2 radicals are gener-
ated ([Triton X-100]=1.8⋅10-4 mol dm-3, 
[tert-butanol]=0.01 mol dm-3, [HClO4]=
0.1 mol dm-3, oxygen saturated) was 
lower compared with the argon-saturated 
system, G(-Triton X-100) = 0,34 [20]. 

The HO2 radicals seem to be less reactive 
towards Triton X-100 [22] compared to 

OH radicals. The importance of HO2˙/ 
O2˙– species in the radiation-induced 
degradation of water pollutants has been 
underlined by Getoff [23] in his paper 
devoted to the decomposition of biologi-
cally resistant compounds (chlorinated 
phenols, aliphatic and aromatic chlorin-
ated compounds) in both drinking and 
waste water. The HO2˙/ O2˙– species and 
OH radicals initiate chain reactions in the 
systems; the products generated are fur-
ther attacked by these intermediates in a 
prolonged irradiation procedure, and can 
be decomposed up to CO2 and H2O [23]. 
In combined radiation-ozone processing 
of water, the synergistic degradation effect 
of radiation and ozone was observed [23]. 

The HO2˙/ O2˙– species and OH radicals 
have been proposed as the main acting 
intermediates in the generally accepted 
mechanism of photo-initiated (and other) 
AOPs [24]. However, it must be con-
ceded that the currently presented mod-
els and reaction schemes must still be 
treated as a ‘radical chain mystery’ [24] 
because of the complexity of the systems, 
and also because of the lack of directly 
measured reaction and kinetic data. 

It is worth mentioning that the HO2˙ 
radicals have been applied in model-
ling the complete oxidation of organic 
compounds in an aqueous system at high 
temperatures and pressures. This tech-
nology is referred as a supercritical water 
oxidation. In the most advanced model of 
methanol oxidation in supercritical water 
[25, 26], HO2˙ radicals were used as in-
termediates in reactions which control the 
concentration of the OH radical, the main 
oxidant in this technology. The contribu-
tion of OH radicals to the understanding 
of textile wastewater treatment has been 
convincingly discussed in papers by Kos 
and Perkowski [27-32]. 

Summing up, it is obvious that OH radi-
cals are the main species initiating and 
propagating reaction chains in AOPs. 
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Conference topics: 
A. PROBLEMS OF TEXTILES AND DEVELOPMENT OF FIBROUS COMPOSITES 
B. TEXTILE TECHNOLOGY
C. CHEMICAL FIBERS FORMATION. NEW FIBERS.
D. FINISHING AND DYEING
E. MATERIAL SCIENCE. STRUCTURE, PROPERTIES AND QUALITY CONTROL 

OF FIBERS AND TEXTILES
F. TECHNICAL AND SPECIAL TEXTILES
G. FIBROUS COMPOSITES

Plenary session lectures: 
The Outlook and Future Developments of Technical Textiles and Man-Made Fibres
D.E. Morris, Belgium 
Development Tendencies in Fibers and Fibrous Materials. Vision of New Technologies 
and Creation of New Generation Fibres in the 21th Century, K.E. Perepelkin, Russia

Selected papers:
Current Trends in Textile Research, H. Planck, E. Singer; Germany, A.
Modern State and the Future of Research and Development and Production of Bioactive 
Fibers for Medical Application, V.A. Zhukovski; Russia, A.
Current Physical-Chemical Problems of Cellulose Based Composites, E.L. Akim; Russia, A. 
Novel Achievements in Lignocellulosic Raw Materials Production and Utilisation, 
R. Kozlowski; Poland, B. 
Recycling of Textile Waste Materials and Worn-Out Products, J. Wojtysiak; Poland, B.
Ultrathin Syntetic  Fibers  and New Materials on Their Basis, M.V. Tsebrenko, 
V.G. Rezanova, I.A Tsebrenko, N.M. Rezanova; Ukraine, C.
Product Diversification of Aramid Fibers by the Use of Finishes, C.J.M. Van den Heuvel, 
P.J. de Lange; The Netherlands, C.
Improvement of High Strength and High Modules Carbon Fiber Technology, 
M.B. Radishevsky,  A.T. Serkov, G.A. Budnitsky, V.A. Medvedev, L.A. Zlatoustova; Russia, C.
The Basic Principles of Molecular Engineering of Fiber-Forming Aromatic Polyimides 
for Obtaining Heat-Resistant Fibers with Required Mechanical Properties, 
G.M. Mikhailov; Russia, C.
Technological Questions in Finishing – the Way of “Smart” Textiles’ Creation, 
G.E. Krichevski; Russia, D.
Coating Textiles with Inorganic-Organic Hybrid Polymers, E. Schollmeyer, T. Textor, 
R. Zimehl, J. Zojanovic, T. Bahners; Germany, D.
The Use of Biological Preparations for Improving the Quality of Woolen Woven Fabrics, 
N. Sedelnik, Z. Beta, S. Kozlowski; Poland, D.
Surface of Fibres: Characteristic Properties, Methods of Research, Experimental Data, 
A.K. Izgorodin; Russia, E.
The Longitudinal Shear Modulus of Carbon Fibres,  R.D. Adams, L.F.M. da Silva; UK, E. 
Oriented Polymeric Materials (Fibers, Films and Whiskers) Extreme and Limiting 
Properties Forecast Based on D.I. Mendelee’s Periodical System of Elements, 
K.E. Perepelkin; Russia, E.
Multi–layer, Textile, Bullet-, Knife- and Needle-proof Packs, E. Witczak, J. Polak, 
G. Redlich; Poland, F.
Hydro-Engineering Textile Composites, A. Moraczewski, J Szarzała; Poland, F.
Textile Fabrics for Concrete Reinforcement, P. Offermann, U. Koeckritz; Germany, G. 
WiseTex: Virtual Reality and Real-world Prediction of Structure and Properties of 
Textile Polymer Composites, S.V. Lomov, I. Verpoest; Belgium, G.
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