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Abstract

Electron beam irradiation, as an advanced oxidation process, has been exten-
sively studied for treating organic compounds in water by utilizing the highly
oxidizing and reducing active radicals it generates. Currently, there is a lack of
research on degrading streptomycin using advanced oxidation processes. There-
fore, electron beam irradiation was employed as a novel approach to investigate
the feasibility of streptomycin degradation. Experimental results demonstrated
that 5 mg/L streptomycin was completely degraded under conditions of 1 MeV
electron beam energy and 10 kGy irradiation dose. Through DFT prediction
of reaction sites and combined analysis of degradation product structures via
mass spectrometry data, four degradation products of streptomycin under elec-
tron beam irradiation were identified. Simultaneously, reasonable speculation
regarding the degradation pathways was made based on the composition and
content of degradation products at different irradiation doses.
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Abstract

Electron beam irradiation, as an advanced oxidation process, has been widely
investigated for treating organic compounds in water through the generation
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of highly oxidative and reductive reactive radicals. However, research on strep-
tomycin degradation using advanced oxidation methods remains limited. This
study therefore employs electron beam irradiation as a novel approach to explore
the feasibility of degrading streptomycin. Experimental results demonstrate
that complete degradation of 5 mg/L streptomycin is achieved under conditions
of 1 MeV electron beam energy and 10 kGy irradiation dose. By predicting
reaction sites through Density Functional Theory (DFT) and analyzing mass
spectrometry data of streptomycin degradation products, four degradation prod-
ucts were identified. Furthermore, reasonable speculation on the degradation
pathway was developed based on the composition and content of degradation
products at various irradiation doses.
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Antibiotics and their metabolites are discharged into water bodies through vari-
ous pathways, becoming major pollutants in aquatic environments [?, ?]. Resid-
ual antibiotics in water can lead to the proliferation of antibiotic-resistant bac-
teria (ARB) and the emergence of antibiotic resistance genes (ARG), posing po-
tential threats to ecological health [?]. Compared with conventional biological
treatment methods, advanced oxidation processes have demonstrated superior
performance in removing antibiotics from water and have become an effective
means for antibiotic degradation [?].

Advanced oxidation technologies (AOPs) generate highly oxidative reactive rad-
icals that attack and break the chemical bonds of antibiotic molecules, thereby
destroying their molecular structures and effectively removing antibiotic pol-
lution from water bodies [?]. As a type of AOP, ionizing radiation treatment
combines both oxidation and reduction mechanisms [?]. This approach achieves
antibiotic degradation without or with minimal addition of chemical reagents,
thereby reducing the risk of secondary pollution during treatment [?]. The reac-
tion process of ionizing radiation is shown in equation (1), where « OH exhibits
strong oxidizing capability with a standard oxidation potential of 2.8 eV [?, 7],
while e~ q and e H possess reducing capacity [?].
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irradiation

H,0 % W OH + ey, + oH

Tonizing radiation technology has been widely proven effective for degrading var-
ious organic compounds in water, including antibiotics [?]. Chu et al. achieved
complete degradation of penicillin G through gamma irradiation [?], while
Pearce et al. realized complete degradation of 1,4-dioxane using electron beam
irradiation [?]. Tonizing radiation technology not only offers efficient organic
degradation capability but also produces minimal secondary pollution during
reaction, with simple operation. In Shiyan City, Hubei Province, China’ s first
electron beam irradiation facility for medical wastewater treatment has already
been put into operation.

Streptomycin, as a commonly used antibiotic detected in water bodies [?], re-
quires timely degradation to reduce water pollution. However, current research
on streptomycin degradation in water remains limited. Based on the promising
results of ionizing radiation technology for antibiotic degradation, this study
aims to validate the feasibility of electron beam irradiation for streptomycin
degradation in water. By systematically controlling electron beam energy and
irradiation dose, we investigated the degradation efficiency under different condi-
tions. Using mass spectrometry analysis combined with reaction sites calculated
by density functional theory (DFT), we analyzed the degradation products after
irradiation to infer the degradation pathways.

1.1 Reagents and Instruments

Streptomycin (CAS: 57-92-1, concentration > 90%) was purchased from Mack-
lin Biochemical Co., Ltd. The composition and content of samples before and
after irradiation were analyzed using a Shimadzu 20A high-performance liquid
chromatograph equipped with an XDB-C18 reversed-phase column and a pho-
todiode array detector. Intermediates formed during irradiation were identified
using an Ultimate 3000 UHPLC-Q Exactive LC-MS system.

1.2.1 Sample Preparation

Ultrapure water was used to prepare streptomycin solutions with initial concen-
trations of 5-20 mg/L. Samples were placed in polyethylene petri dishes with a
diameter of 35 mm, and the liquid height was controlled according to the optimal
penetration depth calculated by Geant4 for different electron beam energies.

1.2.2 Irradiation Conditions

Irradiation experiments were conducted using an electron linear accelerator with
electron beam energies of 1 MeV, 1.6 MeV, and 2 MeV at a beam current inten-
sity of 2 mA. Under these operating parameters, the corresponding irradiation
dose rates were 0.2 kGy/s, 0.11 kGy/s, and 0.08 kGy/s, respectively. The irra-
diation dose range for samples was set at 0-20 kGy.
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1.2.3 Chemical Analysis

Streptomycin concentration was determined by high-performance liquid chro-
matography (HPLC) using a C18 column (250 mm X 4.6 mm, 5 m particle
size) with a UV detector at 205 nm. The mobile phase was prepared by adding
14 g sodium sulfate, 1.5 g sodium octanesulfonate, 120 mL acetonitrile, and 50
mL of 0.2 mol/L phosphate buffer (pH 3.0) to ultrapure water, diluting to 1000
mL and mixing well. The column temperature was maintained at 40°C with an
injection volume of 10 L using isocratic elution [?].

Degradation products of streptomycin were analyzed by liquid chromatography-
mass spectrometry (LC-MS) using an Eclipse Plus C18 column (100 mm x 4.6
mm, 3.5 m). Mobile phases consisted of A (0.1% formic acid) and B (acetoni-
trile). The column temperature was set at 30°C with an injection volume of
10 L, and the elution program is shown in Table 1 . The mass spectrometer
was a Thermo Scientific Q Exactive with the following conditions: HESI ion
source, sheath gas flow rate of 40 arb, auxiliary gas flow rate of 10 arb, spray
voltage of 3.8 kV for positive ions, capillary temperature of 320°C, auxiliary gas
temperature of 300°C, S-lens at 50%, and Full MS scan mode. Scan parameters:
primary scan resolution 70,000, range 100-1200 m/z; secondary scan resolution
17,500, starting ion 50 m/z.

2.1 Key Parameters in Electron Beam Irradiation Degra-
dation of Streptomycin

The effectiveness of electron beam irradiation is primarily determined by irra-
diation dose and penetration depth [?]. Irradiation dose can be adjusted by
changing irradiation time. Cooper et al. found that irradiation dose positively
correlates with generated radical concentration [?]. Higher irradiation doses pro-
duce more reactive radicals, leading to more thorough degradation of organic
compounds—a principle confirmed in numerous studies on organic degradation
by ionizing radiation [?].

The penetration capability of electron beams into samples is also a critical factor
determining irradiation treatment efficiency. The optimal penetration depth is
defined as the depth at which energy deposition equals that at the material sur-
face, where electron beam irradiation treatment efficiency is highest [?]. Using
Geant4d to construct a sample model and irradiate it with electron beams of
different energies, the relationship between electron beam energy and optimal
penetration depth for streptomycin solution is shown in Figure 1 [Figure 1: see
original paper]. The calculated optimal penetration depths for 1 MeV, 1.6 MeV,
and 2 MeV electron beam energies are 0.45 cm, 0.8 cm, and 1 cm, respectively.
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2.2 Degradation Efficiency of Streptomycin by Electron
Beam Irradiation

The degradation effects of different electron beam energies on streptomycin aque-
ous solutions with various initial concentrations are shown in Figure 2 [Figure
2: see original paper|. A streptomycin sample with an initial concentration of 5
mg/L achieved complete degradation under 1 MeV electron beam energy after
50 seconds at an irradiation dose of 10 kGy. As electron beam energy increased
to 1.6 MeV and 2 MeV, streptomycin samples with the same initial concentra-
tion achieved complete degradation at irradiation doses of 5 kGy and 4 kGy,
requiring 45.5 seconds and 50 seconds, respectively.

Although the treatment time for complete degradation of streptomycin samples
at the same concentration was approximately equivalent across different electron
beam energies, comparison of degradation efficiency revealed a positive corre-
lation between streptomycin degradation efficiency and electron beam energy.
The degradation efficiency calculation formula is shown in equation (2):

(Co—=C) x Vg

Degradation Efficiency = ;

where Cj, is the initial streptomycin concentration, C' is the streptomycin con-
centration at the current irradiation dose, Vy represents the irradiated sample
volume corresponding to the electron beam energy, and ¢ is the irradiation time
required to reach the current dose.

Calculations of degradation efficiency for complete degradation of 5 mg/L strep-
tomycin solution under different electron beam energies showed that higher elec-
tron beam energy yields greater degradation efficiency. At 2 MeV electron beam
energy, degradation efficiency reached 3.85 x 107% mg/L, while at 1 MeV it was
1.74 x 107 mg/L. From both experimental mechanism and accelerator irradia-
tion process perspectives, increased electron beam energy may enhance sample
penetration capability. At constant beam current intensity, higher-energy elec-
tron beams possess greater power, generating more thermal energy. Elevated
temperature can promote organic degradation, suggesting that increased elec-
tron beam energy may accelerate streptomycin degradation by raising sample
temperature [?]. For samples with the same electron beam energy and initial
streptomycin concentration, degradation rate decreased with increasing irradi-
ation dose. This phenomenon may be attributed to competition for reactive
radicals generated from water irradiation between newly formed degradation
products and streptomycin substrate [?].

2.3 Degradation Products of Streptomycin by Electron
Beam Irradiation

By calculating reaction sites using DFT to assist in mass spectrometry data anal-
ysis, the structures of streptomycin degradation products can be inferred. Den-
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sity Functional Theory (DFT) calculations were performed using the Gaussian09
and D01 software packages. The B3LYP functional combined with Grimme’ s
dispersion correction (GD3BJ) was employed in all DFT calculations. The PCM
solvent model for water and the 6-31G* basis set were used. Mulliken atomic
charges, Hirshfeld atomic charges, and Fukui functions were obtained through
the Multiwfn program. The Mulliken atomic charge results for streptomycin are
shown in Figure 3 Figure 3: see original paper, where N[16] and C[38] exhibit
the highest negative charge of -0.795 and positive charge of 0.581, respectively.
Since these two atoms are directly connected with the largest charge difference
between them, the N[16]-C[38] bond represents the initial bond cleavage site.

The HOMO and LUMO orbitals of streptomycin were calculated to infer oxi-
dation and reduction sites in the molecular structure. Figure 4 [Figure 4: see
original paper| shows the molecular dynamics calculation results for strepto-
mycin, with Figure 4(a) displaying bond lengths between atoms. Calculating
bond lengths in the streptomycin molecular structure also aids in inferring re-
action sites [?]. Among these, C[22]-C[26] has the longest bond length at 1.655
A. Based on molecular structure calculations, the five-membered carbon ring in
streptomycin is also susceptible to bond cleavage.

The main degradation product detected by mass spectrometry at low irradiation
doses is m/z 263, with the mass spectrum shown in Figure 5 Figure 5: see
original paper. Its structure and Mulliken atomic charges are displayed in Figure
3(b). N[18] and C[13] possess the highest negative charge of -0.785 and positive
charge of 0.614, respectively. N[14] attached to C[13] shows a negative charge
of -0.766, while C[16] attached to N[18] shows a positive charge of 0.568. The
significant charge differences between N[18]-C[16] and C[13]-N[14] indicate they
are prone to cleavage, leading to the formation of degradation products m/z 220
and m/z 205, with mass spectra shown in Figures 5(c) and 5(d).

Due to the complex structure of antibiotics, considering only HOMO and LUMO
orbital energies is insufficient [?], as many similar molecular orbitals also influ-
ence reactions. Additionally, analysis of electron density and molecular elec-
trostatic potential may yield contradictory results [?]. Therefore, we employed
Fukui functions to predict reaction sites, as Fukui function values correspond
to reactivity at specific points [?]. Fukui functions can be approximated by
equations (3-5).

Fukui function calculations for streptomycin revealed that atomic positions
N[14], N[17], and N[18] are vulnerable to radical attack and subsequent cleav-
age. For m/z 263, the main degradation intermediate of streptomycin, Fukui
function calculations identified positions C[13] and N[15] as susceptible to re-
duction reactions. The reaction sites and reaction types obtained from DFT
calculations both validated the structures of degradation products detected in
mass spectrometry data.
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2.4 Degradation Pathway of Streptomycin by Electron
Beam Irradiation

By detecting degradation products and their content changes at different ir-
radiation doses through LC-MS, the degradation pathway can be reasonably
deduced. The composition and content of streptomycin solution components at
various irradiation doses are shown in Figure 6 [Figure 6: see original paper].
At 0.5 kGy irradiation dose, the main degradation products were m/z 263 and
m/z 337. When the irradiation dose increased to 5 kGy, streptomycin was com-
pletely degraded, with m/z 263 as the primary product, while new degradation
products m/z 220 and m/z 205 were generated under the action of «H and e™ q.
As the irradiation dose rose to 10 kGy, m/z 220 and m/z 205 became the main
degradation products, while the content of m/z 263 and m/z 337 decreased. At
20 kGy irradiation dose, only trace amounts of m/z 220 and m/z 205 remained
in solution. This may be attributed to reactions between degradation products
and reactive radicals, though further analysis was limited by the mass spectrom-
etry detection threshold (m/z > 100). Based on the composition and content
of degradation products at different irradiation doses, a reasonable speculation
of the degradation pathway was developed, as shown in Figure 7 [Figure 7: see
original paper].

Conclusion

This study achieved complete degradation of 5 mg/L streptomycin solution
within 50 seconds at an irradiation dose of 10 kGy using electron beam ir-
radiation. By adjusting electron beam energy and irradiation dose, we demon-
strated that increasing electron beam energy enhances streptomycin degradation
efficiency, while showing a negative correlation between irradiation dose and
degradation rate. DFT-calculated reaction sites combined with mass spectrom-
etry data analysis revealed the structures of streptomycin degradation products.
The degradation pathway was inferred based on the composition and content
of degradation products at various irradiation doses. Electron beam irradiation
degradation of streptomycin represents a simple, efficient, and highly feasible
treatment method with broad application prospects.

References

[1] ZHANG Qiangian, YING Guangguo, PAN Changgui, et al. Environmental
science & technology, 2015, 49(11): 6772. doi:10.1021/acs.est.5b00729

2] BERENDONK T U, MANAIA C M, MERLIN C, et al. Nat Rev Microbiol,
2015, 13, 310. doi: 10.1038/nrmicro3439

[3] MARTINEZ J L. Science, 2008, 321(5887): 365 . doi:10.1126/science.1159483.
[4] BOUKI C, VENIERI D, DIAMADOPOULOS E. Ecotoxicol Environ Saf,
2013, 91(may 1): 1. doi:10.1016/j.ecoenv.2013.01.016.

[5] ROSI-MAESHALL J, KELLY J Environmental Science & Technology,
2015(9). doi:10.1021/acs.est.5b01519.

chinarxiv.org/items/chinaxiv-202407.00019 Machine Translation


https://chinarxiv.org/items/chinaxiv-202407.00019

ChinaRxiv [$X]

[6] BERENDONK T U, MANATA C M, MERLIN C, et al. Nature Reviews
Microbiology, 2015, 13(5): 310-7.

[7] AHMADI S, IGWEGBE C A, RAHDAR S. International Journal of
Industrial Chemistry, 2019, 10(3): 1-12. doi:10.1007/s40090-019-0188-1.

[8] MATAVOS-ARAMYAN S, MOUSSAVI M. International Journal of Environ-
mental Sciences & Natural Resources, 2017, 2. doi:10.19080/IJESNR.2017.02.555594.
[9] TAKACS, ERZSEBET, WOJNAROVITS, et al. Journal of Radioanalytical
and Nuclear Chemistry: An International Journal Dealing with All Aspects
and Applications of Nuclear Chemistry, 2017, 311(2):973-981.

[10] CHMEIELEWSKI A G. ChemlInform, 2006. doi:10.1002/chin.200627276.
[11] JUSTINE C, NATHAILE K V L. Chemical Engineering Journal, 2011.
d0i:10.1016/j.cej.2011.02.025.

[12] TROJANOWICZ M, BOJANOWSKA-CZAJKA A, CAPODAGLIO A G.
Environmental Science and Pollution Research, 2017. doi:10.1007/s11356-017-
0836-1.

[13] MANE S, GREENFIELD J, NARVAITZ R. Electron Beam Irradiation of
Wastewater[C] // Environmental Engineering. ASCE, 2010. doi:10.1111/j.1538-
7836.2005.01154.x.

[14] CHU L, ZHUANG S, WANG J. Radiation Physics & Chemistry, 2017,
145:34-38. d0i:10.1016/j.radphyschem.2017.12.009.

[15] PEARCE R, LI X, VENNEKATE J, et al. IWA Publishing eBooks
Collection, 2023:22.

[16] KOVALAKOVA P, CIZMAS L, MCDONALD T J, et al. Chemosphere
251 (2020) 126351. doi:10.1016/j.chemosphere.2020.126351

[17] DU Jun, QIAO Jianjun, YAN Xiya, et al. Hebei Chemical Engineering and
Industry, 2007, 30(4):3(in Chinese). doi:10.3969/j.issn.1003-5059.2007.04.018.
(HZE, FBE, BEl, % AdekI, 2007, 30(4):3. doi:10.3969/j.issn.1003-
5059.2007.04.018.)

[18] CHMIELEWSKI A G. Nukleonika, 2005, 50 (Supplement 3):17-34.

[19] KURUCZ C N, WAITE T D, COOPER W J, et al. Advances in Nuclear
Science and Technology, 1991,22:43. doi:10.1007/978-1-4615-3392-4 1

[20] MAK F T, ZELE S R, COOPER W J, et al. Water Research, 1997,
31(2):219-228. doi:10.1016/S0043-1354(96)00264-3.

[21] CHU L, WANG J. Radiation Physics and Chemistry, 2016(119-):119

[22] BUXTON G V, GREENSTOCK C L, HELMAN W P, et al. Journal of Phys-
ical and Chemical Reference Data, 1998. doi:10.1063/j.phys.ref.data.1.555805
[23] OZUR G E, PROSKUROVSK D I, ROTSHTEIN V P, et al. Laser &
Particle Beams, 2003, 21(2):157-174. doi:10.1017/50263034603212040.

[24] YANG Kewu, MO Hanhong, AN Fengchun, et al. Environmental Chem-
istry, 1994, 13(3):4. doi: 159.226.240.226 /handle/311016 /4353. (5=, BEXE,
ZRE, % FEKE, 1994, 13(3):4. doi:159.226.240.226 /handle/311016,/4353.)
[25] RAHMAN R O A, HUNG Y T. Water, 2019, 12(1). doi:10.3390/w12010019.
[26] ZHANG Yang, FU Xingming, LUO Min, et al. China Environmental
Science, 2018, 38(7):7. doi:CNIK:SUN: ZGHJ. 0.2018-07-019. (3%, {138, ®
5%, %. hEFERE, 2018, 38(7):7. doi: CNKL:SUN:ZGHJ.0.2018-07-019.)

[27] MITNIK D G ,MARQUEZ L. Journal of Molecular Structure:

chinarxiv.org/items/chinaxiv-202407.00019 Machine Translation


https://chinarxiv.org/items/chinaxiv-202407.00019

ChinaRxiv [$X]

THEOCHEM, 2001, 535(1-3):39-47. doi:10.1016/S0166-1280(00)00569-8.

[28] WITTE B D, LANGEHOVE H V, HEMELSOET K, et al. Chemosphere,

2009, 76(5):683-689. doi:10.1016/j.chemosphere.2009.03.048.

[29] ZHU F, Pan J, ZOU Q, et al. Chemosphere, 2021:129713. doi:10.1016/j.chemosphere.2021.129713.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202407.00019 Machine Translation


https://chinarxiv.org/items/chinaxiv-202407.00019

	Degradation of Streptomycin in Water by Electron Beam Irradiation - Revised Manuscript
	Abstract
	Full Text
	Study on the Degradation of Streptomycin in Water by Electron Beam Irradiation
	Abstract
	1.1 Reagents and Instruments
	1.2.1 Sample Preparation
	1.2.2 Irradiation Conditions
	1.2.3 Chemical Analysis
	2.1 Key Parameters in Electron Beam Irradiation Degradation of Streptomycin
	2.2 Degradation Efficiency of Streptomycin by Electron Beam Irradiation
	2.3 Degradation Products of Streptomycin by Electron Beam Irradiation
	2.4 Degradation Pathway of Streptomycin by Electron Beam Irradiation
	Conclusion
	References


