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Abstract
Perfluorinated and hydrocarbon surfactants are important contaminants in wastewater. In this study, degradation of surfactants 
including PFOS, LAS, and CTAB under electron beam irradiation is investigated under different irradiation conditions 
(0–10 kGy absorbed dose, pH 3–11). Fulvic acid and H2O2 are used as active species inhibitors to study the effect of OH and 
eaq

− on surfactants degradation. Irradiation degradation products of surfactants are analyzed by liquid chromatography-mass 
spectrometry. The degradation mechanisms of surfactants are summarized according to the experimental results. It shows 
that surfactants degradation is promoted at a high absorbed dose and pH value. The degradation rate of PFOS, LAS, and 
CTAB is 93.8%, 89.1%, and 80.6% maximum, respectively. The eaq

− plays a dominant role in the breakage of C–C bonds in 
surfactants. The bonds of C–F, C–S, and C–N are mainly destroyed by OH. The degradation of surfactants follows pseudo-
first-order kinetics. Degradation products of surfactants include various long and short-chain molecules. Furthermore, con-
centrations of short-chain products increase with absorbed dose because of further degradation of long-chain products. This 
study shows the potential application for electron beam irradiation technology to remove perfluorinated and hydrocarbon 
surfactants from wastewater.
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Introduction

Surfactants, which are the common organic compounds 
composed of carbon chains, have been widely used in the 
fields of chemical production, water treatment, agriculture, 
medicine, and biotechnology. Some kinds of surfactants 

generated by industrial production are harmful contaminants 
for the human and natural environment due to their bioac-
cumulation, toxicity, and persistence. Perfluorinated sur-
factants and hydrocarbon surfactants are two typical types 
of surfactants. A representative perfluorinated surfactant, 
perfluorooctane sulfonate (PFOS, C8F17SO3H), has been 
detected in the environment and wildlife [1, 2]. PFOS has 
excellent molecular stability because of the high strength 
of C–F bonds (116 kcal/mol) [3]. Therefore, it has attracted 
the attention of researchers for the removal of PFOS from 
water and soil [4, 5]. Linear alkylbenzene sulphonate (LAS) 
and cetyl trimethyl ammonium bromide (CTAB) are typical 
anionic and cationic hydrocarbon surfactants respectively. 
They are also important organic contaminants in domestic 
and industrial sewage. It has raised wide concern for these 
surfactants abuse in recent decades.

Various treatment methods including adsorption [6–8], 
photolytic method [9–11], oxidation/reduction method [12], 
sonochemical decomposition [5, 13], thermolysis [14, 15], 
and electron beam irradiation [16–18] are used to remove 
surfactants from solution. In these methods, electron beam 
irradiation is a new treatment technique for surfactants 
decomposition with potential applications. Electron beam 
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has relatively strong penetration. Organic molecules can be 
degraded by the active species, e.g.,·OH and eaq

−, which 
are produced by the splitting of water under electron beam 
irradiation (Eq. 1) [19]:

where the numbers in brackets are the yields (mmol/J) of 
those species per unit of radiation at pH 7. Electron beam 
irradiation shows an efficient removal ability for TWEEN20, 
a common nonionic surfactant from laundry effluent [20]. 
The concentration of LAS decreases observably after irra-
diation of electron beam [21]. According to the researches 
of Kim et al. [16, 22], it shows good degradation rates for 
PFOS (> 60%) under electron beam irradiation absorbed 
doses of 2000 kGy with the PFOS initial concentration of 
10–100 mg/L. Furthermore, PFOS degradation rates are 
32–57% at 500 kGy absorbed dose with initial concentra-
tions of 10–40 mg/L [23]. It is reported by Kowald et al. [17] 
that 41% PFOS is degraded at a relatively low absorbed dose 
(50 kGy) under initial concentrations between 0.00025 and 
0.1 mg/L. Although some studies of surfactants degradation 
under electron beam irradiation have been reported, system-
atic researches and comparisons about the degradation of 
perfluorinated and hydrocarbon surfactants under different 
irradiation conditions are still insufficient to our knowledge. 
With the help of effective contrast of different surfactants 
degradation under variable electron beam irradiation condi-
tions, treatment results can be achieved according to differ-
ent processing demands, processing conditions, and techni-
cal foundation. Therefore, systematic study can provide the 
theoretical basis for the treatment of wastewater containing 
multiple surfactants.

In this study, the degradations of three kinds of sur-
factants, PFOS, LAS, and CTAB, under 0–10 kGy absorbed 
doses are investigated. The irradiation systems with different 
pH values and irradiation absorbed doses are carried out to 
investigate the degradation rates of surfactants under differ-
ent treatment conditions. Fulvic acid (FA) and H2O2 could 
react with OH and eaq

− respectively. Therefore, they are used 
as active species inhibitors to investigate the crucial roles 
of OH and eaq

− in the degradation process of surfactants. 
The irradiation experiments are carried out to study the deg-
radation kinetics of surfactants under different conditions. 
Furthermore, the mineralization mechanisms of surfactants 
under irradiation are summarized. The result shows that the 
degradation rate of PFOS, LAS, and CTAB under 10 kGy 
absorbed dose at pH 11 is 93.8%, 89.1%, and 80.6% maxi-
mum, respectively. eaq

− plays a dominant role in the break 
of C–C bonds of surfactants. The degradation of surfactants 
follows pseudo-first-order kinetics at different pH. Various 
long and short-chain species are generated in the process of 

(1)

H2O → (0.27)e−
aq
+ (0.28) ⋅ OH + (0.07)H2O2

+ (0.06)H + (0.05)H2 + (0.27)H+

irradiation degradation. This study confirms that electron 
beam irradiation has potential application for the removal of 
perfluorinated and hydrocarbon surfactants from solutions.

Materials and methods

Materials and reagents

The reagents of PFOS (99%), LAS (99%), and CTAB (99%) 
used in the experiment study were purchased from Wengji-
ang Chemical Reagent Company (Wengjiang, China). Fluo-
ride standard samples were purchased from Anpu Biotech-
nology (Shanghai,China). Methanol (99%) and ammonium 
acetate (99%) were purchased from Sinopharm Chemical 
Reagent Company (Beijing,China). All the other chemicals 
which were used in this study were analytical grade and 
used without purification. All of the solution samples in the 
experiment were prepared with deionized water.

Irradiation experiments at different conditions

Surfactant solution (PFOS, LAS, or CTAB) was prepared 
with the initial concentration of 400 mg/L. 5 mL surfactant 
solution was added into the quartz tube. The irradiation sam-
ples were carried out at different pH values and doses. The 
pH values of the samples were adjusted to 3–11 with 1 M 
NaOH and HCl solution. Absorbed doses of systems were 
set as 0–10 kGy with a DD1.2 dynamitron electron accelera-
tor (Xianfeng Electric Machinery Factory, Shanghai, China; 
Electron energy range of 0.8–1.2 MeV, a maximum beam 
current of 1 mA). The sample was placed at 30 cm below 
the radiation source. The irradiation time was determined 
by the equation (Eq. 2):

where T was the irradiation time (h), f was the utilization 
factor of radiant energy (≈0.7), D was the absorbed dose 
(kGy), V was acceleration voltage (V) and I was the cur-
rent of the electron beam (A). The absorbed dose was meas-
ured with dichromate solution method [24]. The irradiated 
samples after irradiation were sealed in plastic bags at 4 °C 
before being analyzed. The time interval between irradia-
tion and measurement was one hour for all samples. The 
concentrations of surfactants and species of surfactants 
degradation product in solution were measured by Liquid 
Chromatogram-Time of Flight Mass Spectrometer (1260 
LC- G6200 TOFMS, Agilent), which was equipped with 
ZORBAX Eclipse XDB-C18 (4.6 × 150 mm, 5.0 μm) and 
Agilent Poroshell 120 EC-C18 column (3.0 × 100  mm, 
2.7 μm, injection volume 20 μL) in series. The mobile 
phase was composed of 2 mmol/L ammonium acetate and 

(2)T = 3.6 × (f × V × I)∕D
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methanol, with a flow rate of 300 μL/min and a column 
temperature of 40 °C. The mass spectrometry system was 
operated with ion spray voltage − 4.5 kV, atomization tem-
perature 160 °C, carrier gas of nitrogen (9 L/min, 325 °C), 
and capillary voltage + 3.5 kV. The concentrations of F− and 
SO4

2− in solution were measured by an anion chromatogra-
phy (DionexICS-2000, USA) with guard column (IonPac 
AG19-HC, 4 mm × 50 mm), separation column (IonPac 
AS19-HC, 4 mm × 250 mm) and autosampler (250 μL injec-
tion volume). The mobile phase was 25 mmol/L KOH solu-
tion (1.2 mL/min). The suppressor current was set as 75 mA.

Effects of ·OH and eaq
− on surfactants degradation

 OH and eaq
− are the active species which contribute to the 

degradation of surfactants in alkaline solution under elec-
tron beam irradiation. In order to investigate the effect of 
each kind of active species on surfactants degradation sepa-
rately, two different active species inhibitors were used to 
mask the interference from unwanted active species. FA and 
H2O2 were used in the irradiation systems as active spe-
cies inhibitors for OH and eaq

− respectively. The concentra-
tions of active species inhibitors in the systems were set as 
0–150 mg/L at pH 11. The initial concentration of surfactant 
was 400 mg/L. The absorbed doses were in the range of 
2–10 kGy. The degradation rates of surfactants in different 
irradiated samples are obtained to analyse the degradation 
mechanisms of surfactants.

Surfactants degradation kinetics

In degradation kinetics studies, the initial concentration of 
surfactant in solution was set as 400 mg/L. The irradiation 
experiments were carried out at pH 3, 5, 7, 9, and 11, respec-
tively. The concentrations of surfactants in the systems at 
different irradiation time (0–350 s) were measured. Further-
more, the results of degradation kinetics of surfactants under 
irradiation of electron beam were fitted with the pseudo-
first-order kinetic model (Eq. 3):

where C was the concentrations (mg/L) of PFOS at time t 
(s), C0 was the initial concentration of PFOS (mg/L), k was 
reaction rate constant (s−1).

Results and discussion

Effect of irradiation conditions on surfactants 
degradation

The degradation rates of surfactants at different pH and 
absorbed doses are shown in Fig. 1. The degradation rate 
of PFOS increases with the absorbed dose at the same pH 
(Fig. 1a). Typically, for the system at pH 3, the degradation 
rate of PFOS increases from 2.2 to 29.2% with absorbed 
dose (from 2 to 10 kGy). The other samples present a simi-
lar trend. Furthermore, the PFOS degradation rate increases 
with the system pH value under the same absorbed dose. 
The minimum degradation rates in the system of pH 3 are 
2.2–29.2%. The samples in pH 11 show the highest deg-
radation rates (40.8–93.8%). The variation trend of PFOS 
degradation rates in different pH systems in this research 
accords with that of previous reports [25].

The degradation rates of LAS and CTAB (Fig. 1b, c) 
present similar trends with that of PFOS. The degradation 
rates increase with pH value at the same absorbed dose. For 
example, the degradation rates of LAS at pH 11 systems 
are in the range of 50.9% to 89.1% under absorbed dose 
2–10 kGy, which are apparently higher than those in pH 3 
systems (10.1–34.3%). Furthermore, it shows higher degra-
dation rates for hydrocarbon surfactants than the degradation 
rates of perfluorinated surfactants at pH < 11. At absorbed 
dose 10 kGy, LAS is degraded by 34.3%, 49.8%, 61.0%, 
and 77.7% at pH 3, 5, 7, and 9, respectively. With the same 
absorbed dose, CTAB degradation rates are 33.9%, 49.4%, 
65.8%, and 69.5% at pH 3, 5, 7, and 9, respectively. As a 

(3)ln
(

C∕C0

)

= −kt

Fig. 1   Degradation rates of PFOS (a), LAS (b), and CTAB (c) at different experimental conditions
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contrast, the degradation rates of PFOS are 29.2%, 37.1%, 
48.6%, and 62.0%, which are relatively lower than those in 
LAS and CTAB systems. This is possible because of the 
higher molecular stability of perfluorinated surfactant than 
that of hydrocarbon surfactants.

However, PFOS is degraded no less than LAS and CTAB 
at strong alkaline (pH 11). Irradiation degradation of sur-
factants is promoted in an alkaline environment with fol-
lowing reasons. The hydrated electron eaq

− which plays an 
important role in the decomposition of organic molecules is 
consumed by large amounts of H+ in a high acidity environ-
ment (Eq. 4). Under alkaline conditions, eaq

− is generated 
by reaction of OH− with H· (Eq 0.5). The eaq

− has a lower 
redox potential (− 2.9 eV) than that of H· (− 2.1 eV). This 
indicates that eaq

− has stronger reduction ability than H·. 
Degradation of surfactants is improved more significantly by 
eaq

−. Therefore, the degradation of surfactants is promoted in 
high pH levels. The effect of surfactants’ molecular stability 
on their degradation is reduced to a certain extent.

(4)e−
aq
+ H+

→ H

Effects of ·OH and eaq
− on surfactants degradation

Under the same absorbed dose, the addition of FA has little 
influence on the degradation rate of PFOS (Fig. 2a). Further-
more, the concentration of F− in solution decreases with the 
increase of FA concentration (Fig. 2c). As the ·OH generated 
from radiation decomposition of water is consumed by FA, 
which indicates that ·OH causes breaking of the bond of C–F 
rather than the bond of C–C. As a contrast, the degradation 
rate of PFOS decreases with the increase of H2O2 concentra-
tion with the same absorbed dose (Fig. 2b). H2O2 consumes 
the eaq

− in solution. So, the result indicates that C–C bond is 
disrupted by eaq

−. In addition, F− concentration in solution 
decreases with the increase of H2O2 concentration, which 
indicates that eaq

− also destroys the C–F bond of PFOS.
As shown in Fig. 3, the variation trends of degrada-

tion rates of LAS with different concentrations of active 
species inhibitors are similar to those of PFOS. It indi-
cates that ·OH breaks the bond of C–S, and eaq

− destroys 

(5)H ⋅ + OH−
→ e−

aq
+ H2O

Fig. 2   Degradation rates of PFOS under different absorbed doses (a and b) and concentrations of F− under 10 kGy absorbed dose (c) with differ-
ent concentrations of active species inhibitors

Fig. 3   Degradation rates of LAS under different absorbed doses (a and b) and concentrations of SO4
2− under 10 kGy absorbed dose (c) with dif-

ferent concentrations of active species inhibitors
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C–C bond and C–S bond. For the surfactant of CTAB, 
the degradation rate of CTAB and concentration of NH4

+ 
are both relatively constant with the increasing of FA 
concentration under the same absorbed dose (Fig. 4a, c). 
It shows that the presence of ·OH has little influence on 
C–C bond and C–N bond. eaq

− plays a dominant role in 
the break of the C–C bond and C-N bond of CTAB.

Surfactants degradation kinetics

The degradation kinetics and fitting results of surfactants 
degradation are shown in Fig. 5 and Table 1. It is shown 
that the concentration of PFOS decreases with increasing 

irradiation time (Fig.  5a). Furthermore, degradation of 
PFOS follows pseudo-first-order kinetics at different pH 
(R2 > 0.97). Consistent with results above, degradation of 
PFOS is promoted in alkaline medium. The PFOS degra-
dation rate constant at pH 11 is about 8 times of that at 
pH 3. The first-order rate constants for initial pH values of 
3, 5, 7, 9, and 11 are 0.0010 s−1, 0.0014 s−1, 0.0020 s−1, 
0.0028 s−1, and 0.0080 s−1 respectively, showing that the 
efficiencies depend on the pH of the systems. The variation 
trends of degradation kinetics of LAS and CTAB are similar 
to that of PFOS (Fig. 5b, c). Nonetheless, hydrocarbon sur-
factants have significantly higher degradation velocity than 
PFOS at the same pH value. The first-order degradation 

Fig. 4   Degradation rates of CTAB under different absorbed doses (a and b) and concentrations of NH4
+ under 10 kGy absorbed dose (c) with 

different concentrations of active species inhibitors

Fig. 5   Degradation kinetics and corresponding pseudo-first-order model fitting of PFOS (a), LAS (b), and CTAB (c) at different pH

Table 1   The pseudo-first-order 
kinetic fitting parameters of 
surfactants degradation at 
different pH

pH PFOS LAS CTAB

K (s−1) R2 K (s−1) R2 K (s−1) R2

3 0.0010 0.9772 0.0044 0.9720 0.0051 0.9635
5 0.0014 0.9734 0.0070 0.9713 0.0077 0.9497
7 0.0020 0.9883 0.0090 0.9221 0.0116 0.9044
9 0.0028 0.9909 0.0154 0.9515 0.0133 0.9244
11 0.0080 0.9862 0.0245 0.9687 0.0181 0.9128
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rate constants of LAS and CTAB at pH 11 are 0.0245 s−1 
and 0.0181 s−1, respectively. Furthermore, when the pH is 
below 11, degradation rate constants of PFOS (0.0028 s−1 at 
pH 9) are significantly lower than those of LAS and CTAB 
(0.0154 s−1 and 0.0133 s−1 respectively at pH 9). It indicates 
that perfluorinated surfactant is more difficult to be degraded 
than hydrocarbon surfactants. This may be caused by the 
better stability of C–F bonds in perfluorinated surfactants.

Degradation products of surfactants

The irradiation degradation products of PFOS under 
10 kGy dose are shown in Fig. 6a. The irradiation deg-
radation products of PFOS are C7F15COO− and short-
chain perfluorinated carboxylic acids (PFCAs) includ-
ing C6F13COO−, C5F11COO−, C4F9COO−, C3F7COO−, 
C2F5COO−, and CF3COO−. The concentrations of deg-
radation products present different trends with increas-
ing doses. The concentrations of CF3COO−, C4F9COO−, 
C2F5COO−, and C3F7COO− increase with the increas-
ing absorbed dose. Among these products, CF3COO− is 
generated mostly (maximum 14.3 mg/L) with increasing 

absorbed dose. The concentrations of relative longer-chain 
PFCAs, such as C7F15COO− and C6F13COO−, decrease 
with increasing absorbed dose under the condition of high 
irradiation (4–10 kGy). This may be due to that longer 
chain molecules are degraded into short chains, such as 
CF3COO−, etc.

The ir radiation degradation products of LAS 
inc lude  HOOCCH 2COOH,  HOOCC 2H 4COOH, 
C8H9SO3

−, C10H13SO3
−, C12H17SO3

−, C14H21SO3
−,  and 

C16H25SO3
− (Fig .   7) .  The concentra t ions  of 

HOOCCH2COOH, HOOCC2H4COOH, C8H9SO3
−, and 

C10H13SO3
− increase with absorbed dose. The concen-

trations of long-chain molecules, such as C12H17SO3
−, 

C14H21SO3
−, and C16H25SO3

−, decrease under high absorbed 
doses. The results show that the C-S bond between the 
benzene ring and SO30

− is difficult to be destroyed by 
irradiation.

The irradiation degradation products of CTAB are 
N(CH3)3, C3H7COO−, C5H11COO−, C7H15COO−, 
C 9H 19COO −,  C 11H 23COO −,  C 13H 27COO −,  and 
C15H31COO− (Fig.  8). Similar with the cases of PFOS 
and LAS, the concentrations of short-chain molecules 

Fig. 6   Degradation products of PFOS (a) and their concentrations at different absorbed doses (b)

Fig. 7   Degradation products of LAS (a) and their concentrations at different absorbed doses (b)
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(C3H7COO−, C5H11COO−, and C7H15COO−) increase 
with absorbed dose. The long chain products, such as 
C11H23COO−, C13H27COO−, and C15H31COO−, decrease 
at high-level irradiation. Furthermore, N(CH3)3 and 
C9H19COO− are relatively constant when absorbed dose is 
more than 6 kGy. This may be caused by the balance of deg-
radation of N(CH3)3, C9H19COO−, and long-chain products.

Degradation mechanisms of surfactants 
under irradiation

Degradation mechanisms of three kinds of surfactants are 
speculated and summarized according to experimental 
results. PFOS is defluorinated by ·OH which is generated 
from splitting of water under electron beam irradiation. Des-
ulfurization reaction occurs in this process. Furthermore, 
the end of the carbon chain is oxidized to carboxylic acid 
(Eq. 6). Further degradation of C7F15COO− is caused by 
the breaking of the C–C bond because of eaq

− (Eq. 7) [23]. 
Methanoic acid and F− are the split products of this pro-
cess. Through this reaction, long-chain products of PFOS 
are degraded gradually in the unit of CF2 (Eq. 8).

For the irradiation degradation of LAS, eaq
− plays a domi-

nated role in the fracture of the carbon chain. The long-chain 
products are degraded in the unit of C2H4. CH3COO− is gener-
ated as end product in this reaction (Eq. 9). ·OH takes part in 
the reaction of benzene removal and degradation (Eq. 10, 11 
and 12). Benzene ring is removed from the carbon chain, and 

(6)
C8F17SO

−
3
+ 2 ⋅ OH + H2O → C7F15COO

− + SO2−
4

+ 2F− + 4H+

(7)
C7F15COO

− + 2e−
aq
+ 2 ⋅ H → C6F13COO

− + 2F− + CH2

(8)
CnF2n + 1COO

− + 2e−
aq
+ 2 ⋅ H → Cn - 1F2n - 1COO

− + 2F− + CH2

is decomposed into COOHC2H4COOH and COOHCH2COOH 
with the existence of ·OH.

The C-N bond of CTAB is destroyed by eaq
− (Eq. 13). 

The end of the carbon chain is oxidized to carboxylic acid. 
N(CH3)3 is further decomposed into HCOO− and NH4

+ 
(Eq. 14). Production and consumption amount of N(CH3)3 
might be in relative balance. Therefore, the concentration of 
N(CH3)3 in the system is constant at a high radiation dose. 
Similar with the case of LAS degradation, long-chain prod-
ucts are degraded with the effect of eaq

− in the unit of C2H4, 
which is eventually oxidized to CH3COO− (Eq. 15). Large 
amounts of formic acid and acetic acid are generated in the 
irradiation degradation of surfactants. But formic acid and 
acetic acid are not shown in the mass spectra of degradation 
products due to their volatilization in the mass spectrometry 
measuring system.

(9)

CnH2n + 1C6H4SO
−
3
+ e−

aq
+ 2H2O → Cn - 2H2n - 3C6H4SO

−
3

+ CH3COOH + 4 ⋅ H

(10)
C2H5C6H4SO

−
3
+ 3 ⋅ OH → H2SO4 + C6H6 + CH3COO

− + ⋅ H

(11)
C6H6 + 6 ⋅ OH → COOHC2H4COOH + CH3COOH + 2 ⋅ H

(12)C6H6 + 8 ⋅ OH → 2COOHCH2COOH + 6 ⋅ H

(13)

C16H33N
(

CH3

)+

3
+ e−

aq
+ 2H2O

→ C15H31COOH + N
(

CH3

)

3
+ 5 ⋅ H

(14)
N
(

CH3

)

3
+ 2e−

aq
+ 6H2O → 3HCOO− + NH+

4
+ 14 ⋅ H

Fig. 8   Degradation products of CTAB (a) and their concentrations at different absorbed doses (b)
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It is a complicated chemical process for the degradation 
of surfactants under irradiation. Many kinds of unstable 
intermediate products may be generated and consumed dur-
ing irradiation degradation [16, 23, 26]. More sophisticated 
analysis techniques are needed to investigate the intermedi-
ate processes and products in the irradiation system. The 
results in this study illustrate the essential mechanisms of 
irradiation degradation of surfactants under electron beam 
irradiation. It shows a good potential application for electron 
beam irradiation technology in the treatment of surfactants 
wastewater.

Conclusions

The degradation of PFOS, LAS, and CTAB under electron 
beam irradiation is promoted at a high absorbed dose and 
pH value. The maximum degradation rate of PFOS, LAS, 
and CTAB under 10 kGy absorbed dose at pH 11 is 93.8%, 
89.1%, and 80.6%, respectively. eaq

− plays a dominant role 
in the breakage of the C–C bond of surfactants. The bonds 
between C and other atoms or groups, such as C–F, C–S, 
and C–N bonds, are destroyed by ·OH. The degradation of 
surfactants follows pseudo-first-order kinetics at different pH 
values. Degradation products of the surfactants include vari-
ous long and short-chain molecules. Concentrations of long-
chain products decrease at a high absorbed dose. Whereas 
short-chain products concentrations increase with absorbed 
dose. Formic acid, acetic acid, and inorganic ions are the 
final products of irradiation degradation of surfactants. This 
work provides a theoretical basis and research reference to 
remove perfluorinated and hydrocarbon surfactants from 
solutions by using electron beam irradiation.
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