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Abstract The electron beam (EB) irradiation-induced

degradation of ochratoxin A (OTA) was investigated in this

study. Results showed that EB irradiation is much more

effective in degrading OTA in water than that in acetoni-

trile and methanol–water (60:40, v/v). OTA degradation

efficiency increased in an irradiation dose-dependent

manner and decreased in the increasing of substrate con-

centration. The alkaline conditions (pH 9.99) and the ad-

dition of H2O2 (\0.1 % v/v) remarkably improved the

OTA degradation efficiency. OTA degradation process

agreed well with the pseudo first-order kinetic model.

Furthermore, the degradation products were preliminary

analyzed using liquid chromatography–mass spectrometry.
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Introduction

Ochratoxin A (OTA) is a mycotoxin produced by Asper-

gillus ochraceus and Penicillium verrucosum with carcino-

genic, neurotoxic, immunosuppressive, and nephrotoxic

properties [1]. In 1993, the International Agency for Re-

search on Cancer (IARC) classified OTA as a possible hu-

man carcinogen [2]. OTA contamination is not only

widespread in crops, but also in beverages, such as white

wine, red wine, grape juice and so on [3–8]. It was found that

the concentration of OTA contamination ranges from 0.028

to 3.24 lg L-1 in wine and 1.16 lg L-1 in fruit juice from

Morocco in previous studies [5]. It is a pressing task to

develop effective ways to remove OTA in the products or

wastewater which are harmless to human and environment.

Physical, chemical, and biological methods have been

developed to decontaminate mycotoxins in food com-

modities. Chemical methods usually change the sensory,

nutritional, and functional properties of food and leave

undesirable toxic residues [9]. Biological methods are

usually time consuming and incomplete [10]. Physical

methods are effective in degrading mycotoxins from con-

taminated food commodities, including heat treatment,

gamma-ray irradiation, and electron beam (EB) irradiation

[11–13]. Heat treatment is an economical and traditional

process for the physical degradation of OTA in food.

However, OTA is stable, and only up to 20 % of OTA in

wheat can be degraded by dry heat at 150 �C for 32 min or

100 �C for 160 min [14]. Gamma-ray irradiation can ef-

fectively degrade OTA in liquid media and cereal seeds

[15, 16], and EB irradiation is thought to offer higher dose

rate capability and no nuclear waste [12, 17]. It has been

widely used in degrading organic pollutants recently.

Hexachlorobenzene in solutions can be removed through

EB irradiation at 10 kGy [12]. Clopyralid in aqueous so-

lutions can be completely degraded by EB irradiation at

30 kGy [18]. A high degradation efficiency of 100 lM

iopromide can be achieved at 19.6 kGy by EB irradiation,

and the EB/H2O2 system increases the degradation effi-

ciency by generating OH� [19]. Degradation efficiency has
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a close relationship to the initial concentration and pH [18].

The kinetics and mechanisms of OH� and e�aq reactions with

dimethyl phthalate were investigated using EB irradiation

[20]. Previous studies proposed that the removal scheme of

degradation by irradiation relies on the oxidation and/or

reduction of OH� and/or e�aq radicals [19, 21]. Thus, reac-

tive oxidants or reducing agents should be added before

irradiation to improve degradation efficiency [19, 22].

EB irradiation is an effective method of degrading or-

ganic compounds by chemical oxidation [12]. However,

the research of OTA degradation by EB irradiation has

been poorly reported. The present study investigated the

degradation efficiency of OTA using EB irradiation in

aqueous solutions under various conditions.

Materials and methods

OTA standard was obtained from Pribolab ([98 %, purity).

Acetonitrile, acetic acid, and methanol of chromatographic

grade were purchased from Fisher Scientific Reagent Co.,

Ltd. All other reagents (H3PO4, H2O2, and NH4�H2O) of

analytical grade were bought from Beijing Chemical Co.

Inc. (China). All solutions were prepared using triple-dis-

tilled water, and all experiments were conducted at room

temperature.

Sample preparation

OTA solutions at different concentrations (0.1, 0.2, and

20 mg L-1) were prepared in different solvents [water,

acetonitrile, and methanol–water (60:40, v/v)]. HCl and

NH4�H2O were added into the OTA solutions to adjust

solution pH at 4–10. The additive H2O2 at concentrations

of 0.01, 0.1, and 1 % (v/v) were added into 0.1 mg L-1

OTA aqueous solutions to investigate the effect of the EB/

H2O2 system on degradation efficiency. All prepared so-

lutions were stored at 4 �C until use.

EB irradiation treatment

The sample solutions were irradiated at absorbed doses of

2.5–25 kGy using a commercial-scale EB accelerator (FZ-

10/15) at room temperature in Beijing Gaoke Jinhui Irra-

diation Technology Co., Ltd., China. The energy of ac-

celerated electrons was 10 MeV, and the beam current was

1.2 mA. The total scan zone was 100 cm 9 80 cm. After

irradiation, the samples were stored at 4 �C and then

evaluated for high-performance liquid chromatography

(HPLC). Three parallel samples were set in each treatment,

and non-irradiated samples were used as controls.

OTA analysis

Quantitative analysis of OTA was performed through

HPLC as previously described by Ferraz [23] with minor

modifications. An Agilent 1200 fluorescence detector was

used (Agilent technologies, Santa Clara, USA), with exci-

tation and emission wavelengths of 333 and 477 nm, re-

spectively. A reversed-phase chromatographic column

(C18, 150 mm 9 4.6 mm, 5 lm) was used, and the col-

umn temperature was set at 35 �C. The mobile phase

consisted of a mixture of acetonitrile–water–acetic acid

(99:99:2, v/v/v) at a low rate of 1 mL min-1. The injection

volume was 20 lL.

OTA was quantified by HPLC with an external standard.

The calibration curve was established using a linear least-

squares regression analysis. A good linear correlation was

observed between the peak area and the OTA concentra-

tion. The linear regression equation was y = 4.2614x ?

0.1998 (R2 = 0.9999).

Liquid chromatography–mass spectrometry (LC–

MS)

OTA degradation products were analyzed by LC–MS

(Agilent, Palo Alto, CA) with a 20 lL solution injected to

the column (C18, 150 mm 9 4.6 mm, 5 lm). The mobile

phase was a mixture of 0.1 % formic acid aqueous solution

(component A) and acetonitrile (component B) at a flow

rate of 0.3 mL min-1. MS was performed on an Agilent

6460 Q-TOF fitted with an electrospray ionization source

operating in positive ionization mode. The capillary volt-

age was set to 3.5 kV. The nebulizer was 45 psi, and ion

spraying voltage was 3800 V. Nitrogen was used as colli-

sion gas. The drying gas temperature was 350 �C at a flow

rate of 10 L min-1.

Kinetic data analysis

The degradation efficiency of OTA can be described by a

pseudo first-order kinetic model, which was described in

Eq. (1):

lnC=C0 ¼ �jDþ ln b ð1Þ

In this equation, C0 is the initial concentration, C is the

residual concentration at any dose, j (kGy-1) is the

degradation rate constant, and b is the constant parameter.

The constants j and b were determined from a linear re-

gression C/C0 versus D dose.

From Eq. (1), the dose required for 90 % removal of

OTA, D0.9, can be calculated as given by Eq. (2):

D0:9 ¼ ln 10=k ð2Þ
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Generally, G (mol J-1) is defined as the number of

molecules or species formed or destroyed per 100 eV of

ionizing energy absorbed. This parameter was calculated

using Eq. (3) [12, 24]:

G ¼ ðDR� NAÞ=D� 6:24 � 1019 ð3Þ

In this equation, D is the absorbed dose (Gy),

6.24 9 1019 is the conversion constant from kGy to

100 eV L-1 (100 eV L-1 Gy-1), DR is the amount of re-

duced OTA (mol L-1) at a given dose, and NA is Avo-

gadro’s constant (6.02 9 1023 molecules mol-1).

Statistic analysis

ANOVA was conducted using Microcal Origin 7.5 soft-

ware. The treatments were performed in triplicate. All data

are presented as mean ± standard deviation. Statistically

significant differences were considered at P\ 0.05.

Results and discussion

EB irradiation-induced degradation of OTA

During EB irradiation, water radiolysis happen within a

short time. The reactive species (OH�, e�aq and H�) are

generated, which play a vital role in degrading organic

compounds.

OTA was dissolved in water, acetonitrile, and metha-

nol–water (60:40, v/v) at an initial concentration of

0.1 mg L-1. The solutions were irradiated at doses of 2.5,

5, 7.5, 10, 15, 20, and 25 kGy. As shown in Fig. 1, the

OTA degradation efficiency was associated with the type

of solvent. The degradation rates in the three solvents in-

creased in a dose-dependent manner. At 2.5 kGy, the

degradation rates were 92.88, 7.20, and 30.83 % in water,

acetonitrile, and methanol–water (60:40, v/v), respectively.

When the absorbed dose increased to 10 kGy, the corre-

sponding degradation rates increased to 99.34, 68.76, and

66.75 %, respectively. Thereafter, no significant difference

(P[ 0.05) in OTA degradation efficiency was detected

between the two organic solvents. At 25 kGy, over 90 % of

OTA was degraded in acetonitrile and methanol - water

(60:40, v/v). Dissolving OTA in organic solvents was un-

favorable for OTA degradation at low-level absorbed doses

(0–7.5 kGy), whereas OTA degradation efficiency was

significantly enhanced at relatively high-level absorbed

doses ([7.5 kGy).

Basing on the data of OTA degradation rate and ab-

sorbed dose in Fig. 1, we found that OTA degradation

followed the pseudo first-order kinetic model [Eq. (1)]. The

kinetic values (rate constant j, b, and GD) of OTA in the

three solvents are presented in Table 1. The rate constants

were 1.0507, 0.0973, and 0.0972 kGy-1 in water, ace-

tonitrile, and methanol–water (60:40, v/v). The rate con-

stant of OTA in water was 9.8-fold higher than those of

OTA in acetonitrile and methanol–water (60:40, v/v). The

GD value of OTA in water, calculated from the absorbed

dose D0.9, was tenfold higher than those of OTA in ace-

tonitrile and methanol–water (60:40, v/v). These results

demonstrate that OTA degradation is more efficient in

water than in organic solvents.

OTA degradation efficiency increases in water because

of the presence of enough reactive radicals for OTA [12].

The amount of free radicals produced by EB irradiation

was relatively small in organic solvents [acetonitrile and

methanol–water (60:40, v/v)] [25]; hence, OTA degrada-

tion efficiency declined. At low-level absorbed doses, the

decrease in OTA degradation efficiency in the presence of

acetonitrile can be ascribed to the few radicals produced.

At high-level absorbed doses, the increase in OTA degra-

dation efficiency in the presence of acetonitrile can be re-

lated to the facilitation for the degradation of OTA

molecules [13]. In methanol–water (60:40, v/v), OH� and

e�aq would be scavenged by methanol promptly [Eqs. (4)

and (5)] [13],

CH3OH þ OH� ! H2O þ �CH2OH þ CH3

ðj ¼ 4:7 � 108 L=ðmol sÞÞ ð4Þ

CH3OH þ e�aq ! H� þ CH3O�

ðj ¼ 1:0 � 104 L=ðmol sÞÞ ð5Þ

thereby decreasing the reaction between OH� and OTA

compared with that between e�aq and OTA. Hence, OTA

degradation efficiency declined as expected. Guo et al. [13]

Fig. 1 Effects of solvents on OTA degradation. Each data point

represents the mean from three samples. Vertical bars indicate two

times the value of the standard deviation for the corresponding data

set
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reported a similar explanation with sulfadiazine degrada-

tion by gamma-ray irradiation in aqueous solutions.

Effects of initial concentrations on OTA degradation

This study investigated the effects of OTA initial concen-

trations (0.1, 0.2, and 20 mg L-1) on degradation effi-

ciency at absorbed doses of 2.5, 5, 7.5, 10, 15, 20, and

25 kGy. Figure 2 shows that the OTA concentration ex-

ponentially decayed with increasing absorbed dose. OTA

degradation efficiency decreased with increasing initial

concentrations. At initial OTA concentrations of 0.1, 0.2,

and 20 mg L-1, the required irradiation doses to 90 %

degradation of OTA were approximately 2.19, 3.93, and

6.66 kGy, respectively.

OTA degradation at different initial concentrations also

fitted well to the pseudo first-order kinetic model. As pre-

sented in Table 2, the rate constants and GD values de-

creased with increasing initial concentrations. The rate

constant for 0.1 mg L-1 OTA was 1.0507 kGy-1, with a

corresponding GD value of 0.0983 mol J-1, which was

1.79 and 2.81 times higher of 0.2 mg L-1 OTA and

20 mg L-1 OTA, respectively.

It’s apparent that low initial concentration facilitated the

degradation of OTA. This is mainly ascribed to weak

collision between OTA and active radicals at low initial

concentration [12]. This finding agrees with previous re-

ports on the radiolysis of trimethylamine, chlorophenols,

and methyl orange in aqueous solutions [21, 26, 27].

Effects of initial pH on OTA degradation

OTA aqueous solutions (0.1 mg L-1) with initial pH of

3.76, 7.01, and 9.99 were irradiated at absorbed doses of 1,

2, 3, 4, 5, 7.5, and 10 kGy. As shown in Fig. 3, the nor-

malized OTA concentration (C/C0) rapidly reduced with

increasing absorbed dose. The OTA degradation efficiency

in neutral and alkaline conditions was significantly higher

than that in acidic conditions. At 1 kGy, the OTA degra-

dation rates were 98.07 % and 100 % at pH 7.01 and 9.99,

respectively. However, the required irradiation dose to

degrade 98 % of OTA was approximately 5 kGy at pH

3.76. These results indicate that the OTA degradation ef-

ficiency increases with increasing pH.

Table 1 EB irradiation induced

OTA degradation kinetic

parameters in different solvents

Kinds of solvents k b GD (mol J-1) R2

Water 1.0507 0.9999 0.0983 0.9995

Acetonitrile 0.0973 1.1189 0.0091 0.9156

Methanol–water (60:40, v/v) 0.0972 0.9897 0.0091 0.9507

Fig. 2 Effects of initial concentrations on OTA degradation. Each

data point represents the mean from three samples. Vertical bars

indicate two times the value of the standard deviation for the

corresponding data set

Table 2 EB irradiation induced OTA degradation kinetic parameters

under different concentrations

Concentrations (mg L-1) k b GD (mol J-1) R2

0.1 1.0507 0.9990 0.0983 0.9995

0.2 0.5865 0.9975 0.0549 0.9973

20.0 0.3736 0.9953 0.0350 0.9886

Fig. 3 Effects of initial pH value on OTA degradation. Each data

point represents the mean from three samples. Vertical bars indicate

two times the value of the standard deviation for the corresponding

data set
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Figure 3 and Table 3 show that OTA degradation at

different pH can be fitted with the modified pseudo first-

order kinetic model. At pH 3.72, 7.01, and 9.99, the rate

constants for OTA degradation increased from 1.1431 to

4.3143 kGy-1. A corresponding increase in GD values,

from 0.1070 to 0.4038 mol J-1, respectively, was ob-

served. Similar to the OTA degradation rate, the rate

constant and GD increased with increasing pH.

The radiation yield (G value) of water radiolysis is pH-

depending, where in the range of pH 6–8.5, is given in

brackets [Eq. (6)] [28].

H2O ! OH� 0:29 lmol J�1
� �

þ e�aq 0:29 lmol J�1
� �

þ H � 0:06 lmol J�1
� � ð6Þ

In acidic conditions, e�aq easily reacted with H? [Eq. (7)]

[24],

Hþ þ e�aq ! H� ðj ¼ 2:3 � 1010 L=ðmol sÞÞ ð7Þ

thereby decreasing the concentration of e�aq. In alkaline

conditions, OH- was likely to react with H� to generate e�aq

[Eq. (8)] [18],

H� þ OH� ! e�aq þ H2O ðj ¼ 2:5 � 107 L/ðmolÞÞ ð8Þ

thereby increasing the concentration of e�aq. The decrease or

increase in OTA degradation efficiency at low or high pH,

respectively, suggests that e�aq is crucial in OTA degrada-

tion. Similar results were obtained in previous studies on

the EB radiolysis of clopyralid and hexachlorobenzene in

aqueous solutions [12, 18]. During EB irradiation, clopy-

ralid or hexachlorobenzene was degrade by the loss of

chlorine atoms on the pyridine ring or on the benzene ring

[12, 18]. We hypothesized that the degradation efficiency

increases in alkaline conditions by attacking the chlorine

on the benzene ring of OTA by high-concentration e�aq

radicals.

Effects of H2O2 on OTA degradation efficiency

As shown in Fig. 4, adding H2O2 to aqueous solutions af-

fected OTA degradation during EB irradiation. The addi-

tion of 0.01 % and 0.1 % H2O2 (v/v) promoted OTA

degradation, whereas the addition of 1 % H2O2 (v/v)

restrained this process. At 2 kGy, the OTA degradation

rates were 85.28, 95.19, 94.72, and 32.16 % when 0, 0.01,

0.1, and 1 % H2O2 (v/v) were added, respectively.

During EB irradiation, OTA degradation efficiency was

improved in the presence of 0.01 % and 0.1 % H2O2 (v/v).

Similar results showed that low-concentration H2O2

(\0.005 %, v/v) can enhance the degradation efficiency of

chlorophenols and sulfadiazine in aqueous solutions [13,

27]. An increase in OH� concentration promotes OTA

degradation during EB irradiation because H2O2 can invert

e�aq and H� into OH� [Eqs. (9, 10)] [13, 18].

H2O2 þ e�aq ! OH� þ OH� ðj ¼ 1:1 � 1010 L/(mol s)Þ
ð9Þ

H2O2 þ H� ! OH� þ H2O ðj ¼ 9 � 107L= molsð ÞÞ
ð10Þ

However, the OTA degradation efficiency in the presence

of 1 % H2O2 was lower than that in the absence of H2O2.

This finding supports the result of Zhang et al. [12] that high-

concentration H2O2 ([1 %, v/v) reduces hexachlorobenzene

degradation. This result may be attributed to the scavenging

of OH� by superfluous H2O2 [Eq. (11)] [12].

Table 3 EB irradiation induced OTA degradation kinetic parameters

under different pH values

pH values k b GD (mol J-1) R2

3.72 1.1431 0.9951 0.1070 0.9966

7.01 3.8921 1.0000 0.3643 0.9995

9.99 4.3143 1.0000 0.4038 0.9998

Fig. 4 Effects of H2O2 on OTA degradation. Each data point

represents the mean from three samples. Vertical bars indicate two

times the value of the standard deviation for the corresponding data

set

Table 4 EB irradiation induced OTA degradation kinetic parameters

under different H2O2 concentration

H2O2 (%) k b GD (mol J-1) R2

0 0.9662 0.9999 0.0904 0.9995

0.01 1.6527 0.9994 0.1547 0.9997

0.1 1.4477 0.9999 0.1355 0.9990

1 0.2348 1.0223 0.0220 0.9217
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Table 5 The main radiolytic products during OTA EB irradiation

Compound list Retention time (min) m/z [m ? z]? Formula (M) DBE Structure formula

OTA 27.844 404.0895 C20H19ClNO6 12

A 4.413 166.0865 C9H11NO2 5

B 6.714 307.0788 C13H16O7 6

C 15.294 172.1327 C9H17NO2 2

D 18.878 468.1414 C22H26ClNO8 10

E 22.557 283.0371 C13H11ClO5 8

F 25.482 370.1282 C20H19NO6 12

44 J Radioanal Nucl Chem (2015) 306:39–46
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OH � þH2O2 ! HO�
2 þ H2O ð11Þ

The radiolytic degradation of OTA at different initial

H2O2 concentrations fitted with the modified pseudo first-

order kinetic model. As shown in Table 4, two trends were

observed for these G values and rate constants at different

initial H2O2 concentrations. The G values and rate constants

increased when the additive H2O2 concentration ranged from

0 % to 0.1 % (v/v). When this concentration was increased to

1 % H2O2, the rate constant and G value significantly de-

creased. At the proper dose range, H2O2 can significantly

enhance OTA degradation efficiency by EB irradiation.

Analysis of the OTA degradation products by EB

irradiation

OTA solution (20 mg L-1) was irradiated at 5 kGy, and the

degradation products were detected by LC–MS, which were

presented in Table 5. Six new fragments at different retention

time and with different m/z ratio were obtained. The [M?H]?

of six radiolytic products were of 166.0865, 285.0969,

172.1327, 468.1414, 283.0371, and 370.1282, with the cor-

responding formulas of C9H11NO2, C13H16O7, C9H17NO2,

C22H26ClNO8, C13H11ClO5, and C20H19NO6, respectively.

The DBE indicates the number of double bonds and/or the

rings in the compound structure [29]. The DBE of OTA was

12, whereas that of the radiolytic products was lower (5–10)

than that of OTA, except for product F (C20H19NO6) with 12

DBEs. This result implies a high possibility that the double

bond and/or the ring was attacked by radicals (OH�, H� and

e�aq) or directly decomposed. The radiolytic product A

(C9H11NO2) had less C11H7ClO4 molecules than OTA,

thereby having the same molecular formula as that of

phenylalanine. Radiolytic product C (C9H17NO2) had six

more hydrogen atoms than A (C9H11NO2). Meanwhile, the

DBE of C (C9H17NO2) had three less than that of A

(C9H11NO2). These results indicate that the benzene ring of A

(C9H11NO2) was hydrogenated by H� radicals. Radiolytic

products B (C13H16O7) and D (C22H26ClNO8) had one or two

more oxygen atoms than OTA, implying that OTA was oxi-

dized by OH� radicals to generate –COOH. Radiolytic pro-

duct E (C13H11ClO5) had less C11H7O molecules than OTA

and had four less DBE than OTA, indicating that an addition

reaction occurred. Radiolytic product F (C20H19NO6) was a

result of the loss of chlorine on the benzene ring of OTA.

Based on the above analysis, we can infer the main degra-

dation pathways of OTA during EB irradiation (Fig. 5). The

first way was the replacement of chlorine on the benzene ring

of OTA by H� radicals and produced the intermediate ‘‘F’’

correspondingly. The second way was oxidized by �OH

radicals to generate D. The other way was the breaking of the

NH-CO bond, and obtained ‘‘A’’ and another part. The ‘‘A’’

was further hydrogenated by H� radicals to form the product

‘‘C’’. Meanwhile, another part was further oxidized by �OH

radicals to form ‘‘E’’. ‘‘E’’ was then hydrogenated and

dechlorinated by H� radicals to produce B. We can infer that

the �OH and H� radicals play a vital role in OTA degradation

by EB irradiation.

Fig. 5 Main degradation

pathways of OTA during EB

irradiation
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Conclusions

This study is the first clear demonstration, to our knowl-

edge, that EB irradiation could effectively induce OTA

degradation in aqueous solutions and the reaction process

followed a pseudo-first order kinetic model well. The OTA

degradation efficiency increased in an irradiation dose-de-

pendent manner and decreased with the increasing of

substrate concentration. Water was much more conductive

to the degradation of OTA than organic solvents (ace-

tonitrile, and methanol–water (60:40, v/v)). Compared with

acidic condition, the alkaline condition enhanced the OTA

degradation efficiency by 29.02 % at 1 kGy. The addition

of H2O2 (\0.1 % v/v) improved the OTA degradation rate

by 9.91 % and higher addition concentrations (e.g., 1 %

v/v) reduced the degradation rate by 53.12 % at the same

dose. Six principal products were observed during OTA EB

irradiation. Overall, EB is a promising method to degrade

OTA in aqueous solutions.
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