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As a common heavy metal complex in industrial wastewater, Pb-EDTA has garnered much attention due to

its detrimental impact on both human health and the ecological environment. The degradation of heavy

metal complexes by traditional methods requires subsequent treatment to recover heavy metals. This

article attempts to find an effective method to simultaneously degrade both organic matter and heavy

metal pollutants. Experimental results indicate that 1 mM Pb-EDTA can be effectively removed at 10 kGy

with a degradation efficiency of 91.62%. Most lead ions were still in a stable complex state, with

a removal rate of 24.42% (10 kGy). When the absorbed dose increased to 80 kGy, the degradation

efficiency of Pb-EDTA was 95.24%. At this time, the removal rate of Pb2+ reached 68.82%. Through

radical scavenging experiments and further mechanism analysis, it was demonstrated that electron beam

irradiation primarily generates $OH radicals, disrupting the structure of Pb-EDTA, gradually

decarboxylating, and ultimately generating formic acid, acetic acid, and NO3
−. The released metal ions

were reduced by eaq
− and $H to obtain lead monomers. Residual toxicity analysis indicates that the

toxicity of degradation products generated by electron beam irradiation is significantly reduced.

Experimental results showed that electron beam irradiation can effectively degrade Pb-EDTA and

recover lead ions simultaneously.
1. Introduction

With the continuous development of industrial production,
sectors like electroplating and metal smelting generate and
discharge a large amount of heavy metal wastewater every year.1

Due to concerns for human health and the ecological environ-
ment, heavy metal pollution has grown to be a signicant issue
today.2 One of the most pervasive heavy metal contaminants is
lead (Pb), primarily generated through smelting, mining, coal
burning, waste incineration, and leaded gasoline production.3

Lead is a toxic heavy metal that can be inhaled and ingested
from a variety of places, including contaminated food, water,
soil, and air. Compared with lead alone, synthetic chelating
agents like ethylenediamine tetraacetate (EDTA) can create
robust complexes with Pb2+, which are more stable and
complex.4 As a potent hexadentate chelating ligand, EDTA is
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mostly utilized in pharmacy, textiles, papermaking, household
detergents, and industrial cleaning.5 Even though EDTA is not
toxic to mammals at ambient levels, concerns have been raised
that it may facilitate the transfer of toxic heavy metals from
sewage sludge and sediments since EDTA can reactivate
adsorbed or precipitated metal ions.4,5

To degrade these heavy metal complexes with high mobility,
a number of treatment techniques have been developed such as
adsorption,6 chemical precipitation,7 and ion exchange.8

However, because of the persistent solubility characteristics of
metal complexes, these conventional processes oen fail to
achieve the desired degradation.9,10 Due to the great oxidizing
ability, advanced oxidation processes (AOPs) have developed as
effective chemical oxidation technologies for the degradation of
heavy metal complexes.11 The reaction mechanism of advanced
oxidation technology is a process that generates $OH through
different techniques,12 including Fenton oxidation,13,14 electro-
chemical oxidation,15 photocatalytic oxidation,16,17 and ozone
oxidation.18 Once $OH is formed in the system, the organic
matter in the water body is attacked by a series of chain reac-
tions, degrading it to H2O, CO2, or inorganic salts, etc.19 There
have been some studies using AOPs to degrade Pb-EDTA. Vohra
et al. (2000)20 showed that UV/TiO2 was effective in removing Pb-
EDTA complexes from water. Finžgar et al. (2006)21 used ozone/
UV to treat heavy metal complexes in soil extractants with actual
removal rates of 49.6% for Pb and 19.9% for Zn during the
RSC Adv., 2024, 14, 38815–38826 | 38815
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View Article Online
degradation of Pb-EDTA and Zn-EDTA, respectively. However,
according to Zhao et al. (2014),22 photocatalytic oxidation can be
limited by the rapid compounding of pairs of electron holes and
the low use of visible light. Low oxidation efficiency can also be
caused by the selectivity and limited solubility of ozone in
water.23 In addition, the degradation products of heavy metal
complexes treated with AOPs require further alkali treatment
and other means to recover the heavy metals. Therefore, with
the aim to address the problems that still exist with the present
AOPs, it is urgently necessary to further investigate and explore
alternative procedures for the degradation of heavy metal–
organic complexes.24

Electron Beam (EB) irradiation is a technology that uses
high-energy radiation to generate active products such as
oxidizing radicals and reducing radicals from water irradiation
without changing the radioactivity of the solution, as shown in
eqn (1).25,26

H2O / 2.7$OH + 2.6eaq
− + 0.6H$ + 2.6H3O

+

+ 0.45H2 + 0.7H2O2 (1)

The numbers in the formula indicate the values of the
radiochemical yield (the so-called G-value) in a pure neutral
aqueous solution, which was dened as the number of product
molecules formed (or initial molecules changed) for every
100 eV of energy absorbed.27 The most important advantage of
using EB irradiation is the highly effective in situ generation of
the extremely reactive oxidation radical $OH and unique strong
reductive hydrated electrons by water radiolysis, which can
achieve advanced oxidation and reduction processes (AO/RP)
simultaneously.28 However, there has been limited research
on the inuencing factors, degradation mechanisms and
pathways, and the toxicity of degradation products of EB
irradiation.

This study focused on Pb-EDTA as the representative metal
complex to study the inuencing factors and mechanism of EB
irradiation degradation. The experiment explored the impacts
of absorbed dose, initial concentration, solution pH, and the co-
existing substances in actual environments on degradation
efficiency. The main active radicals in the reaction system were
determined, the degradation byproducts were analyzed and the
possible degradation pathways for Pb-EDTA were proposed.
Furthermore, a quantitative structure–activity relationship
(QSAR) was used to evaluate the toxicity of Pb-EDTA degradation
products.
2. Experimental section
2.1. Chemical reagents

Lead chloride (PbCl2) and ethylenediaminetetraacetic acid
disodium salt dihydrate (Na2EDTA) were purchased from
Sinopharm Chemical Reagent Co., Ltd (China). Solutions of Pb-
EDTA were prepared by mixing a solution of PbCl2 and Na2-
EDTA to obtain a 1 : 1 molar ratio of Pb2+/EDTA. Analytical grade
hydrogen peroxide, potassium persulfate, and formic acid for
use as oxidizers were purchased from Merck and Sigma-Aldrich
(China).
38816 | RSC Adv., 2024, 14, 38815–38826
Analytical grade sodium carbonate, sodium bicarbonate,
sodium sulfate, sodium sulte, nitrite, and sodium nitrite were
purchased from Chemical Reagent Shanghai Co., Ltd (China),
as anion production reagents. The pH of solutions was adjusted
to the desired value by using HCl or NaOH. Since Pb-EDTA was
obtained by mixing PbCl2 and Na2EDTA, a high concentration
of Cl− was present in the solution itself, so the amount of Cl−

introduced during pH adjustment using hydrochloric acid
could be almost negligible. Deionized water was used for the
preparation and dilution of solutions.
2.2. Irradiation experiment procedure

The Pb-EDTA degradation experiments were conducted with an
electron accelerator (GJ-2-II, Xianfeng Electrical Company)
supplied by the Institute of Applied Radiation, Shanghai
University, China. The beam energy of the device was 1.8 MeV
and the variable current was 0–10 mA. Before irradiation, the
prepared Pb-EDTA solution was uniformly encapsulated in
plastic bags with a volume and thickness of 20 mL and 2 mm,
respectively. If required, the samples were purged with high-
purity gas (N2 or O2) for half an hour before irradiation. The
packaged sample was irradiated by the electron accelerator,
with two sets of irradiation doses. One group was set at 4, 6, 8,
and 10 kGy, which was a low radiation dose group. The other
group was set at 50, 60, 80, 100, and 120 kGy, which was a high
radiation dose group. The 10 mL Fricke dosimeter solution
samples were stored in 40 mL, 1–2 mm thick polyethylene bags
at room temperature (20 ± 2 °C). We placed the Fricke dosim-
eter and Pb-EDTA solutions under the same conditions for
simultaneous irradiation to measure the absorbed dose of the
Pb-EDTA solutions. Since the thickness of the irradiation bags
was only 1–2 mm, the effect on the penetration of the electron
beam was almost non-existent, and therefore the loss of the
electron beam irradiation dose was negligible. Aer irradiation,
each sample was centrifuged at 12 000 rpm for 15 min and then
ltered through a 0.45 mm aqueous polytetrauoron (PTFE)
syringe lter for analysis. All of the experiments were carried out
in three sets of parallel experimental measurements.

The remaining metal complexes Pb EDTA, Pb, and total
organic carbon content in the irradiated solution were analyzed
and detected, and the removal efficiency of each indicator was
calculated by eqn (2).

Removal efficiency ¼ C0 � CD

C0

� 100% (2)

C0: the initial content of metal complexes, metal ions, and
TOC. CD: the residual content of metal complexes, metal ions,
and TOC.
2.3. Analytical methods

The concentration of Pb-EDTA was measured by high-
performance liquid chromatography (HPLC, Agilent 1260)
equipped with a C18 column (250 mm × 4.6 mm × 5 mm). The
sample was analyzed with an injection volume of 20 mL. The
isocratic elution was comprised of 80% formate buffer (15 mM
formic acid, 5 mM sodium formate, and 1 mM TBA-Br) and 20%
© 2024 The Author(s). Published by the Royal Society of Chemistry
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acetonitrile (v/v) at a temperature of 25 °C. The ow rate was set
as 1 mL min−1 and the detection wavelength was 254 nm.9

Atomic Absorption Spectrometry (AA, Agilent 280FS) was
utilized to quantify the lead ions concentration. Using acetylene
as the fuel gas, the detection wavelength is set at 217.0 nm, with
a lamp current of 10 mA. The ame composition is air/
acetylene, maintained at an airow rate of 13.5 L min−1 and
an acetylene ow rate of 2.00 L min−1. The concentration
measurement range spans from 0 to 20 mg L−1.

The mineralization of Pb-EDTA was evaluated by total
organic carbon (TOC) concentration, which was estimated by
multi N/C 3100 TOC analyzer (Analytik Jena AG Corporation,
Germany).

The distribution of Pb-EDTA species as a function of pH was
obtained from the Visual MINTEQ 3.0 soware.

The intermediates of Pb-EDTA were identied by HPLC
(Agilent 1260) coupled with quadrupole time of ight mass
spectrometry (Q-TOF-MS, Agilent 6545) in full-scan mode.

Formic acid, acetic acid, oxalic acid, glycolic acid, and NO3
−

were detected by ion chromatography (IC, ICS-6000, Thermo
Scientic) with a conductivity detector.

Aer Pb-EDTA complexation, the precipitates were
collected by pumping and ltering, and dried in a vacuum
freeze drier. The crystalline structure of the precipitate was
characterized by X-ray diffraction analysis (XRD, D/max
2550 V, Rigaku) with Cu Ka radiation at a 2q scanning rate
of 8° min−1 (40 kV, 25 mA).
2.4. Toxicity assessment

The soware toxicity evaluation soware (T.E.S.T.) was applied
to calculate the growth inhibition, bioaccumulation factors
(BAF), developmental toxicity, and acute toxicity of Pb-EDTA
and its degradation intermediates, which was based on quan-
titative structure–activity relationship (QSAR) models.
3. Results and discussion
3.1 Effect of the initial concentration of Pb-EDTA

To determine the degradation efficiency of Pb-EDTA at varied
concentrations, we set up a variety of concentration gradients
(0.25, 0.5, 0.75, and 1 mM) in the irradiation experiment with
absorbed doses of 4, 6, 8, and 10 kGy. As shown in Fig. 1a, Pb-
EDTA was effectively degraded at low absorbed doses, indi-
cating that EB irradiation can degrade heavy metal complexes.
The pseudo second order kinetic model can be tted to describe
the decomposition of Pb-EDTA, as indicated in eqn (3):29

1

C
� 1

C0

¼ kD (3)

where k represents the pseudo second order rate constant, and
D represents the absorbed dose of EB irradiation. As observed in
Fig. 1a, the value of k decreased with the increase of Pb-EDTA
concentration, indicating that the metal complex degraded
more readily when its initial concentration was lower. The
primary cause of this phenomenon is that as the absorbed dose
increases, more intermediates are generated during the
© 2024 The Author(s). Published by the Royal Society of Chemistry
degradation of Pb-EDTA at high concentrations, and these
intermediates also react with active radicals to reduce their
concentration.30 As shown in Fig. 1c, under the low irradiation
dose group, Pb2+ was not effectively removed, and the highest
removal rate of Pb2+ was only 24.42% (10 kGy).

To achieve synchronous removal of heavy metal ions, we
further increased the absorbed dose to 50, 60, 80, 100, and 120
kGy. As shown in Fig. 1b, Pb-EDTA was almost completely
removed. Fig. 1d shows that at a specic Pb-EDTA concentra-
tion, the removal rate of Pb2+ increased rst and then decreased
as the EB irradiation absorbed dose increased. With the
absorbed dose was 80 kGy and the starting concentration was
1 mM, the removal rate of Pb2+ was 68.82%. By the time the
absorbed dose reached 120 kGy, the removal rate of Pb2+

dropped to 65.40%.
This is because when the irradiation dose is low, the

concentration of reactive radicals is also low, and the interac-
tion between radicals is negligible, whereas with the gradual
increase of irradiation dose, the concentration of reactive
radicals increases, and the interactions between radicals are
more intense, as shown in eqn (4)–(7),31,32 which reduces the
effective concentration of reactive radicals, thus affecting the
degradation rate of Pb-EDTA and the removal rate of Pb2+. To
clarify the precipitate generated in the solution aer irradiation,
we characterized it through XRD, and the results proved that the
precipitate was the lead elemental precipitate obtained aer the
reduction of Pb2+. We will discuss this in detail in Section 3.5
identication of degradation intermediates. To investigate the
simultaneous removal of the complex and Pb2+, the removal
rate of Pb2+ was more suitable for assessing the efficiency of the
EB irradiation degradation.

$OH + $OH / H2O2 k = 5.5 × 109 M−1 s−1 (4)

$H + $OH / H2O k = 7.0 × 109 M−1 s−1 (5)

eaq
− + $OH / OH− k = 3.0 × 1010 M−1 s−1 (6)

H2O + $H + eaq
− / H2 + OH− k = 2.5 × 1010 M−1 s−1 (7)

Besides the pollutant removal efficiency, the mineralization
rate can also be used to assess the degradation effect of EB
irradiation.33 To illustrate that the TOC values detected aer
irradiation did not affected by the degradation of the irradiated
bags, we used pure water for comparison with blank irradiation
at 50–120 kGy, and the results, shown in Fig. S1,† showed that
with increasing irradiation dose, only very low TOC was detec-
ted in the pure water, which was negligible. Fig. 1e demon-
strates the TOC removal of Pb-EDTA at different concentrations
and absorbed doses. It is apparent that the mineralization rate
of the complexes continuously rises when the absorbed dose
increases. This is mainly because of the rise in absorbed dosage,
which causes $OH to oxidize and break down more interme-
diate products. The results demonstrate that EB irradiation is
a successful technique for pollutant degradation, achieving
efficient removal of pollutants and the reduction and precipi-
tation of heavy metals.
RSC Adv., 2024, 14, 38815–38826 | 38817
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Fig. 1 (a) The impact of initial concentration on Pb-EDTA degradation under the low dose group; (b) the impact of initial concentration on Pb-
EDTA degradation under the high dose group; (c) the impact of initial concentration on Pb2+ removal under the low dose group; (d) the impact of
initial concentration on Pb2+ removal under the high dose group; (e) the impact of initial concentration on TOC removal.
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3.2. Effect of the initial pH of Pb-EDTA

The existence form of the heavy metal complexes in the water
body changes with the change of pH. The distribution of Pb-
EDTA complex morphology and its content change in the pH
38818 | RSC Adv., 2024, 14, 38815–38826
range of 0–14 were simulated by Visual MINTEQ soware, as
shown in Fig. 2a. Pb-EDTA is stable over a wide range of pH
conditions and mainly exists in the form of PbEDTA−2. Only
under acidic conditions at pH 3, Pb-EDTA is protonated into
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The different forms of Pb-EDTA at various pH values; (b) the impact of initial pH on Pb2+ removal; (c) the different forms of lead ions at
various pH values.
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PbHEDTA− and PbH2EDTA
−, which are more prone to react with

$OH than PbEDTA−2. Generally speaking, protonated species are
more susceptible to the attack of reactive free radicals than
deprotonated species, so acidic conditions are favorable for the
removal of Pb-EDTA. The removal rate of Pb2+ through the irra-
diation degradation of Pb-EDTA at pH 3, 6, 7, 9, and 11 was
shown in Fig. 2b. We selected a concentration of 1 mM for Pb-
EDTA in our experiment, which is similar to the concentration
of pollutants in the actual environment, ensuring that the
experiment can accurately reect the removal of Pb-EDTA in
water bodies. The results indicated that the efficiency of Pb2+

removal initially increased and then decreased with varying pH
levels in the solution. At an absorbed dose of 80 kGy, the Pb2+

removal rate was 68.82% at pH 3. The removal of Pb2+ was more
effective when the solution pH was adjusted to neutral, reaching
a peak rate of 88.85% at pH 7 (80 kGy). However, as the pH level
continued to rise to 11, the Pb2+ removal rate dropped to
a minimum of 62.74% (80 kGy). This indicates that the removal
of Pb2+ is not only inuenced by the initial morphology of Pb-
EDTA, but also attributed to two reasons: (1) under the over-
acidic condition, eaq

− generated by EB irradiation reacts with
© 2024 The Author(s). Published by the Royal Society of Chemistry
hydrogen ions, making it fail to reduce Pb2+, as shown in eqn
(8).34 The research results are based on earlier studies, as shown
in Fig. S2,† where the G value of active radicals generated by EB
irradiation changes with pH values. Under alkaline conditions,
the reduction of Pb2+ removal rate could be owing to the lower
yield of $OH produced by EB irradiation hydrolysis and the
reaction between hydroxyl radicals and hydroxide ions, as shown
in eqn (9),35 the degree of reaction between radicals and
complexes weakens and thus the removal efficiency is reduced.27

(2) Studies have shown that lead ions exist in different forms at
different pH values,36 as seen in Fig. 2c. Under acidic conditions,
the main form of lead ions is Pb2+, and when under alkaline
conditions, theymainly exist in the form of Pb(OH)3

−. In general,
the present state of Pb2+ tends to deprotonate as the pH of the
solution increases. Compared to deprotonated species, proton-
ated species aremore susceptible to attack by reactive radicals, so
alkaline conditions are unfavorable for Pb2+ removal compared
to acidic conditions.

eaq
− + H+ / $H k = 2.3 × 1010 M−1 s−1 (8)

OH− + $OH / $O− k = 1.2 × 1010 M−1 s−1 (9)
RSC Adv., 2024, 14, 38815–38826 | 38819
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3.3 Effect of reactive species

The effect of reactive radicals generated during irradiation on the
removal of Pb-EDTA was determined by adding different types of
quenching agents to the solution. O2 can react with eaq

− and H$

(eqn (10) and (11)).37 Therefore, when the solution is purged with
O2, $OHplays a predominant role in the degradation of Pb-EDTA.
When N2 is introduced into the solution, it does not affect the
activity of various types of free radicals. This is mainly because N2

is an inert gas used only to degas the solution. The activity of
reactive free radicals varies under different pH conditions. When
the solution pH is greater than 3, the contribution of H$ is
minimal. In this case, the primary reactive species here are eaq

−

and $OH. However, when the pH of the solution is less than 3, the
contribution of eaq

− is minimal. In this instance, the primary
active ingredients are H$ and $OH.38 Tert-Butanol (TBA) was
added separately under the two pH conditions. Since TBA is an
effective burster of $OH (eqn (12)),39 at this time, H$ dominates in
solutions with a pH above 3, in removing pollutants.

O2 + eaq
− / O2c

− k = 9.1 × 1010 M−1 s−1 (10)

O2 þHc/HO
�

2 k ¼ 2:1� 1010 M�1 s�1 (11)

(CH3)3COH + $OH / (CH3)2C($CH2)OH

+ H2O k = 1.9 × 1010 M−1 s−1 (12)

Cl− + OH$ / ClOHc− 4.3 × 109 M−1 s−1 (13)

ClOHc− / Cl− + OH$ 6.1 × 109 M−1 s−1 (14)

The impact of different reactive radicals on the removal rate of
Pb2+ is displayed in Fig. 3. Compared with the initial group, the
reduction efficiency of Pb2+ decreased slightly under O2 puri-
cation, and $OH predominated in the degradation of pollutants.
Aer adding TBA, when H$ and eaq

− were the main free radicals,
Pb2+ reduction efficiency signicantly decreased. This indicates
that the removal of $OH prevents Pb-EDTA from being oxidatively
degraded, and Pb2+ is not effectively released from the metal-
complex ligand, thus hindering its reduction and removal.
Fig. 3 The impact of different active radicals on Pb2+ removal.

38820 | RSC Adv., 2024, 14, 38815–38826
Since the experimental solution was prepared by mixing PbCl2
and Na2EDTA, this result also suggests that the presence of Cl−

and the interreaction with hydroxyl radicals (eqn (13) and (14))40

do not scavenge hydroxyl radicals from the system. Therefore, it
can be inferred that the electron beam irradiation technique for
Pb-EDTA removal is inuenced by various active free radicals,
primarily the $OH radicals, which can disrupt the structure of Pb-
EDTA, enabling the stepwise decarboxylation and simultaneous
generation of low molecular weight compounds. Subsequently,
the released metal ions are reduced by eaq

− and H$ radicals.

3.4 Identication of degradation intermediates

The majority of the pertinent research suggests that metal-
EDTA degrades through a similar process in which the
complex is progressively decarboxylated by reactive radicals
attacking the C–N bond of the ligand.41–43 To investigate the
degradation pathway of Pb-EDTA in the EB irradiation process,
the degradation by-products were analyzed using a liquid-phase
mass spectrometer and an ion chromatography analytical
instrument. Table S1† shows the degradation intermediates of
Pb-EDTA formed in EB irradiation. As reported in other litera-
ture,9,44 Pb-ED3A (m/z = 437.3748), Pb-ED2A (m/z = 381.3546),
NTA (m/z= 191.139), and IMDA (m/z= 133.1027) were the major
degradation products during the EB irradiation reaction. Anal-
ysis of small molecule acids using ion chromatography revealed
that formic acid, acetic acid, and NO3

− were mainly present in
the irradiated solution. Fig. 4a shows that all these small
molecule acids gradually increased with increasing absorbed
doses. Signicant precipitates could be found in the samples
aer EB irradiation, which were characterized by XRD to further
determine the composition and nature of the precipitates. As
shown in Fig. 4b, the precipitated phase shows obvious
diffraction peaks of Pb monoclinic crystal structure at 2q values
of 31.4°, 36.3°, 52.3°, 62.2°, 65.4°, 85.6°, and 88.2°. Fig. S3†
shows the SEM image of the precipitated product.

Based on the relevant references and detected degradation
intermediates and degradation products,45 the possible degra-
dation pathways of Pb-EDTA during the EB irradiation reaction
were proposed, as shown in Fig. 5. Two possible degradation
pathways were hypothesized to exist. First, $OH attacks the C–N
bond of Pb-EDTA, causing it to break and split into Pb-ED3A
and CH3COOH; then continues to attack the carboxyl site of
Pb-ED3A and subsequently forms Pb-ED2A. In the degradation
pathway II, the reactive radicals act on the C–N bond to generate
NTA and IMDA. Finally, the generated intermediates are further
oxidized to small organic acids and inorganic ions including
formic acid, acetic acid, and NO3

−. The released Pb2+ is reduced
to lead monomers by the reducing radicals. In summary,
similar to previous studies, the degradation of Pb-EDTA by EB
irradiation is mainly achieved by attacking the complex with
active radicals and gradually decarboxylating it.

3.5 Comparison of EB, EB/H2O2, EB/K2S2O8, EB/HCOOH
process

EB irradiation technology can be combined with different
oxidants and reductants to affect the degradation efficiency of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The content of formic acid, acetic acid, and nitric acid; (b) XRD of precipitates.

Fig. 5 Possible degradation pathways of Pb-EDTA.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 38815–38826 | 38821
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Pb-EDTA. In our experiments, we investigated the impact of
oxidants hydrogen peroxide (H2O2),46 potassium persulfate
(K2S2O8),47 and the reductant formic acid (HCOOH)48 on the
removal rate of Pb2+. To have an appropriate comparison of the
effect of just the additives, we adjusted the solution pH to
a constant value (pH 7) by adding NaOH aer adding different
oxidizing/reducing agent concentrations.

3.5.1 Removal rate of Pb2+ in EB/H2O2 process. Fig. 6a
displays the removal rate of Pb2+ through EB irradiation
degradation of Pb-EDTA aer adding 5, 10, and 20 mMH2O2. At
80 kGy, when the concentration of H2O2 increased to 20 mM,
the highest removal rate reached 93.97%. This is mainly
because when H2O2 concentration increases, it is conducive to
developing oxidizing active free radical $OH (eqn (15) and
(16)),49 which is conducive to the removal of Pb-EDTA.

eaq
− + H2O2 / $OH + OH− k = 1.1 × 109 M−1 s−1 (15)

H$ + H2O2 / $OH + H2O k = 9.0 × 107 M−1 s−1 (16)

3.5.2 Removal rate of Pb2+ in EB/K2S2O8 process. Fig. 6b
illustrates the removal rate of Pb2+ through EB irradiation
degradation of Pb-EDTA aer adding 5, 10, and 20 mM K2S2O8,
respectively. The highest removal rate of Pb2+ reached 98.60%
aer adding 20 mM K2S2O8 (80 kGy). It indicates that the
addition of K2S2O8 to the system improved the removal rate of
Pb2+. This is the result of the rapid reaction of S2O8

2− with $H
and eaq

− converted to reactive $SO4
− (eqn (17) and (18)).37

Because of its high redox potential (E0 = 2.73 V), $SO4
− is

regarded as a potent one-electron oxidant akin to $OH (E0 =

2.60 V).50 Some studies have indicated that $SO4
− could react

with S2O8
2− to form a reductive free radical (eqn (19)).51

S2O8
2−+ H$ / $SO4

− + H+ + SO4
2− k = 2.5 × 107 M−1 s−1(17)

S2O8
2− + eaq

− / $SO4
−+ SO4

2− k = 1.1 × 1010 M−1 s−1 (18)

$SO4
−+ S2O8

2− / S2O8c
− + SO4

2− k = 1.2 × 106 M−1 s−1 (19)

3.5.3 Removal rate of Pb2+ in EB/HCOOH process. Fig. 6c
displays the removal rate of Pb2+ through EB irradiation
Fig. 6 (a) The impact of H2O2 dosage on Pb2+ removal; (b) the impact of
Pb2+ removal.

38822 | RSC Adv., 2024, 14, 38815–38826
degradation of Pb-EDTA aer adding 5, 10, and 20mMHCOOH.
Compared to the previous two oxidants, adding 10 mMHCOOH
at 80 kGy resulted in a removal rate of only 76.01% for Pb2+.
When the concentration of HCOOH was raised to 20 mM, the
removal rate of Pb2+ decreased to 62.87% (80 kGy). This
phenomenon is caused by the fact that HCOO− can react with
$OH (eqn (20)).52 Therefore, low concentrations of HCOO−

promote the reductive precipitation of Pb2+, whereas when
HCOO− is added at too high a dosage, too many reducing
species are produced in the system, inhibiting the generation of
oxidizing radicals, which negatively affects the generation of
reducing species converted from oxidizing species, leading to
a signicant inhibition of Pb2+ removal.

$OH + HCOO− / $CO2
− + H2O k = 3.2 × 109 M−1 s−1 (20)

Meanwhile, to better illustrate the inuence of the dose-
effect on the removal efficiency, supplementary experiments
were conducted on the removal efficiency of Pb2+ with different
additive contents at low doses, and the results are shown in
Fig. S4.†
3.6 Effects of common co-existing substances in real water
bodies

For the common components in industrial wastewater, we
select natural organic matter and inorganic anions to study the
impact of coexisting substances on Pb-EDTA degradation in the
EB irradiation process.53,54

3.6.1 Effect of humic acid. As shown in Fig. 7a, the addi-
tion of a certain amount of humic acid can signicantly
enhance the precipitation of Pb2+. This is because humic acid
itself can act as an electron medium or electron donor, excite
the triple excited state of HA (3HA*), and generate a substantial
amount of reactive oxidation radicals like $OH, single mole-
cule oxygen, and H2O2, further contributing to the removal
efficiency.54,55 According to studies, humic acid contains
a large amount of inorganic ions, which can also promote the
precipitation of Pb2+.

3.6.2 Effect of coexisting ions. Since common inorganic
anions are present in real water, their coexistence in water
signicantly affects the reaction process, as they may inuence
K2S2O8 dosage on Pb2+ removal; (c) the impact of HCOOH dosage on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) The impact of humic acid on Pb2+ removal; (b) the impact of coexisting ions on Pb2+ removal.
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the reactions of Pb-EDTA with the reactive radicals generated
during irradiation. In this study, these anions (CO3

2−, HCO3
−,

NO3
−, NO2

−, SO4
2−, and SO3

2−) were selected (all with
a concentration of 10 mM) and added to the Pb-EDTA solution
to be irradiated.56 As displayed in Fig. 7b, the addition of various
anions enhanced the removal rate of Pb2+ to varying degrees
compared to the control group.

When CO3
2− or HCO3

− is introduced, they react with $OH
and eaq

− to produce CO3c
− (eqn (21)–(25)),57 with CO3

2− and
HCO3

− having signicantly higher reaction rates with $OH than
with eaq

−, resulting in the reduction of $OH in the EB system,58

which thereby inhibiting the degradation of Pb-EDTA. However,
on the other hand, CO3

2− reacts with $OH to form CO3c
− also

has some ability to oxidatively degrade metal complexes, and
compared with $OH, CO3c

− has a lower redox potential (1.59 V),
so the free lead ions released by irradiation degradation will not
be re-oxidized due to the strong oxidizing atmosphere in the
system, which is more conducive to the removal of lead ions by
reduction.

HCO3
− + eaq

− / HCO3
2− k = 6.0 × 105 M−1 s−1 (21)

HCO3− + $OH / CO3c
− + H2O k = 8.5 × 106 M−1 s−1 (22)

HCO3
− + H$ / CO3c

− + H2 k = 4.0 × 104 M−1 s−1 (23)

CO3
2− + eaq

− / CO3
3− k = 3.9 × 105 M−1 s−1 (24)

CO3
2− + $OH / CO3c

− + OH− k = 3.9 × 108 M−1 s−1 (25)

The addition of SO4
2− promoted the degradation of Pb-

EDTA. This is mainly because SO4
2− can combine with $OH to

generate highly oxidative compounds $SO4
− (eqn (26)).40 $SO4

−,
as an additional oxidizing substance, can cooperate with the
oxidizing radicals generated by electron beam irradiation and
jointly attack the organic ligand structure, thus enhancing the
removal efficiency of the system for Pb-EDTA. When SO3

2− is
added, it interacts with $OH to generate $SO3

− (eqn (27)),
© 2024 The Author(s). Published by the Royal Society of Chemistry
leading to the removal of excess $OH in the system, thus freeing
the de-complexed lead ions from the strong oxidizing atmo-
sphere in the system and making it more conducive to the
reductive removal by reducing radicals.

SO4
2− + $OH / $SO4

− + OH− k = 6.5 × 107 M−1 s−1 (26)

SO3
2− + $OH / $SO3

− + OH− k = 5.5 × 109 M−1 s−1 (27)

The addition of NO3
− or NO2

− promotes the reduction and
removal of Pb2+ to a certain extent. This is because NO3

− and
NO2

− easily react with $OH, eaq
− and $H to generate $NO3

−

and $NO2
− (eqn (28)–(35)),59 with oxidation-reduction poten-

tials of 1.03 V and 0.94 V, respectively. This is much lower than
the active potential of free radicals that originally existed in
the system, leading to an increase in the reducing atmosphere
in the system and further promoting the reduction and
removal of Pb2+.

NO3
− + eaq

−/ NO3c
2− k = 9.7 × 109 M−1 s−1 (28)

NO3
� þHc/NO

�

2 þOH� k ¼ 4:4� 106 M�1 s�1 (29)

NO3
− + H+ / HNO3 k = (4.4–6.0) × 108 M−1 s−1 (30)

HNO3 + $OH/NO3c
− + H2O k = (0.88–1.2) × 108 M−1 s−1(31)

NO2
� þ $OH/NO

�

2 þOH� k ¼ 6:0� 109 M�1 s�1 (32)

NO2
− + $OH / HNO3 k = 1.0 × 1010 M−1 s−1 (33)

NO2
− + H$ / NO + OH− k = 7.1 × 108 M−1 s−1 (34)

NO2
− + eaq

− / NO3c
2− k = 3.5 × 109 M−1 s−1 (35)

Furthermore, inorganic ions such as carbonate and sulfate
have higher reaction rates with free radicals, but compared to
nitrate and nitrite ions, their presence signicantly improves
the removal efficiency of Pb2+. We speculate that Pb2+ released
RSC Adv., 2024, 14, 38815–38826 | 38823
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Fig. 8 Toxicity calculation of Pb-EDTA degradation intermediates generated during EB irradiation: (a) acute oral rat LD50; (b) growth inhibitory
concentration of Tetrahymena pyriformis IGC50; (c) developmental toxicity; (d) bioaccumulation factor.
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by the degradation of Pb-EDTA would be precipitated through
reactions with inorganic anions, in addition to being reduced
directly to Pb monomer. This speculation might be supported
by the white precipitate observed in the irradiation bag aer
irradiation of the solution.
3.7 Residual toxicity analysis

Considering the experimental cost, the toxicity of degradation
intermediates was assessed in advance by theoretical calcula-
tions to verify the potential toxicity of irradiation-treated solu-
tions. Ecological structure activity relationship (ECOSAR) is
a computerized prediction system for toxicity in aquatic systems
developed by the US Environmental Protection Agency (US EPA).
The system uses mathematical models of example training sets
of a range of chemicals to predict chemicals that may cause
long-term effects. The model's prediction of toxicity for
compounds to be tested presupposes that these compounds to
be tested are sufficiently similar to those in the training set.
Therefore, in the present study, the toxicity calculation soware
T.E.S.T (Version 5.1) based on Quantitative Constitutive Effect
Relationship (QSAR) modeling was adopted to calculate the
38824 | RSC Adv., 2024, 14, 38815–38826
toxicity of Pb-EDTA and its degradation intermediates. Acute
toxicity LC50, growth inhibition IGC50, developmental toxicity,
and bioaccumulation factor (BAF) were selected. By comparing
the toxic effects of EDTA before and aer irradiation treatment,
the hazardous effects of EB irradiation applied in the treatment
of degraded Pb-EDTA on environmental organisms were
evaluated.

Fig. 8 shows that the degradation intermediates of Pb-EDTA
are less toxic, and ED2A and ED3A both show lower toxicity.
Table S2† shows the specic toxicity data of the intermediates.
The intermediate product was continually oxidized and
degraded as the absorbed dose of EB increased. The toxicity of
NTA and IDA was higher than that of ED2A and ED3A, but the
toxicity of the nal degradation products was far less than that
of the intermediate products. As a result, the overall toxicity of
the solution was trending downward during the degradation
process. According to the total toxicity estimations from this
investigation, the degradation of Pb-EDTA was accompanied by
the generation of toxic intermediates. The toxic effect of the
degradation products created by the EB irradiation was,
however, signicantly reduced, showing that it was an effective
means.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In this study, electron beam irradiation was used for the
oxidative degradation of Pb-EDTA and the reduction of Pb2+

simultaneously. The article explored how various environ-
mental substrates affect electron beam irradiation. The ndings
show that neutral conditions are favorable to the removal of
Pb2+. Compared to other oxidants, K2S2O8 and H2O2 promoted
the oxidative degradation of Pb-EDTA. The reactive radicals in
the system were impacted by the addition of a certain amount of
humic substances and inorganic ions, which altered the effi-
ciency of the degradation. Experiments on mechanism research
revealed that $OH was the main radical for degradation of Pb-
EDTA, and eaq

− mainly reduced lead ions. The degradation
pathway of Pb-EDTA was proposed based on the discovered
intermediates and degradation products. Factors such as pH,
inorganic ions, and natural organic matter can affect the
concentration and types of free radicals. During electron beam
irradiation, high concentrations of oxidative and reductive free
radicals are generated. Oxidative free radicals attack Pb-EDTA,
leading to decomplexation, while reductive free radicals
interact with lead ions, causing their transformation into
elemental lead.

However, it is important to note that Pb-EDTA removal is
a complex process, and changes in the oxidizing and reducing
properties of the system can both impact the removal of Pb-
EDTA. Inorganic ions and organic molecules in the environ-
ment can react with free radicals, altering their concentrations
and subsequently affecting the removal efficiency of Pb-EDTA.
Experimental results have indicated that most environmental
factors can inhibit the removal of Pb-EDTA to some extent,
highlighting the need for further research on the trans-
formation of free radicals in different environments.
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