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Efficient management of temporal latency and spatial heterogeneity remains a critical challenge in
sensor-based pH regulation for smart water management, primarily due to inherent response delays and
mass transfer constraints. In oxidation systems with dynamic pH environments, delayed responses can
lead to issues such as cyanide release, unwanted side reactions, or pipe damage. To address these
challenges, we propose a “pause-then-adjust” control strategy, exploiting the pH-responsive generation
of hydroxyl radicals (�OH) in a modified Fenton reaction system. This system utilizes hydroxylamine as an
electron donor and ethylenediaminetetraacetic acid (EDTA) as a stabilizer for iron ions. Within the pH
range of 7.0e10.0, the coexistence of [Fe2þ-EDTA]2� and [Fe3þ-OH-EDTA]2� complexes facilitates efficient
electron transfer, resulting in the selective and sustained production of �OH radicals. The inherent pH-
responsiveness of this strategy enables rapid and spatially coherent adjustments, offering a robust
supplementary method for addressing complex and evolving requirements in advanced water treatment
systems.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Smart water management has recently attracted increasing
attention due to its potential to revolutionize the traditional water
industry by elevating its informatization level [1]. This new
approach aims to streamline business operations, enable scientific
management practices, and improve service quality in water
management. In applying smart water management to water
treatment plants, a crucial aspect involves rendering the process
‘intelligent’ and finely controlling it through digital regulation. The
primary strategy currently involves gathering water quality pa-
rameters through various sensors and responding according to a
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pre-established feedback mechanism [2]. However, latency is
inevitable in the entire ‘reflex arc’dfrom the monitoring unit and
computing center to the response unit. Furthermore, concerning
the response involving dosing chemical reagents, the spatial un-
evenness induced by mass transfer may lead to unsatisfactory
treatment efficiency in the microenvironment. Although these
problems can be alleviated by resetting the feedback logic or
enhancing mechanical agitation, such efforts may increase chemi-
cal dosages or energy consumption. Thus, a desirable alternative is
to explore regulatory strategies that ensure immediate respon-
siveness and spatial synchronization when the monitored param-
eter deviates from the preset value.

As an efficient process for generating �OH, the Fenton process
has played pivotal roles in various domains, such as water purifi-
cation [3], molecular synthesis [4], and tumor therapy [5]. However,
due to inherent properties and, in some cases, the production of
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carboxylic acids during the degradation process of organics, the
solution pH typically deviates from the initial pH as the reaction
progresses [6]. Scientists and engineers have sought various Fenton
systems with wider pH ranges for decades to avoid additional pH
regulation before treating targeted water [7]. Although these pro-
cesses have functioned well in most cases, there have also been a
few instances in which such pH deviations have serious conse-
quences. For example, system acidification in cyanide-containing
wastewater may pose a potential risk of cyanide leakage [8].
Moreover, when employing the Fenton reaction for the pH-
dependent synthesis process of specific chemicals, the deviation
of the solution pH might induce the unwanted formation of side
products [9]. Additionally, abrupt pH changes within the water
distribution system would cause significant damage to cast iron
pipes, ultimately shortening their longevity [10]. Therefore, pH-
responsive generation of �OH at a specific pH level would be ad-
vantageous in the Fenton process, enabling the immediate termi-
nation of the �OH utilization reaction once the solution pH deviated
from the preset value. Thus, a ‘smart Fenton system’ could feature a
pause-then-adjust approach to address the latency between
monitoring and response, as well as the spatial non-uniformity
induced by insufficient stirring, to ensure stable operation within
the designated pH parameters.

To establish such a system with target characteristics, we
considered two interesting types of enhanced Fenton processes:
reductant-enhanced Fenton and organic-chelated Fenton. In the
reductant-enhanced Fenton system, hydroxylamine (HA) as the
reducing agent enhances the reduction process of Fe3þ, accompa-
nied by the Fe2þ regeneration for continuous H2O2 activation in the
Fenton process [11]. In the organic-chelated Fenton system, the
complexing agent can broaden the soluble pH range of iron ions,
thus avoiding sedimentation of iron-containing sludge [12,13].
Based on the Nernst equation, the H2O2 activation by Fe2þ (oxida-
tion process) is acid-favorable, while the Fe3þ reduction process
(reduction process) favors alkaline conditions. In theory, the Fenton
process enhanced by the synchronous addition of HA and a
chelating agent is simultaneously influenced by both processes and
may have a narrow applicable pH range because of the different pH
adaptability between these two determining steps.

Herein, we construct an enhanced Fenton process using HA as
the reducing agent, employing ethylenediaminetetraacetic acid
(EDTA) to tune the redox property of the Fe3þ/Fe2þ redox pair. We
clarify the contribution of �OH using electron spin resonance (ESR)
analysis and quenching experiments. We also reveal the effect of
solution pH on the �OH generation in the system using benzoic acid
(BA) as �OH probe, and the pH-responsive property of the system is
further investigated using density functional theory (DFT) analysis.
We conclude with an in-depth discussion of the application po-
tential of the technology in smart water management.

2. Experimental section

2.1. Chemicals

A complete list of reagents is provided in Supplementary
Material Text S1.

2.2. Setup and experiment

All the solutions used in this study were prepared with Milli-Q
water. Batch experiments were conducted in 200 mL beakers at
room temperature and atmospheric pressure. EDTA, FeSO4, HA, and
BA were first added to the system during the experiment. After
adjusting to a predetermined pH value, oxidizer H2O2 was added,
and the timing began. The pH was continuously monitored with a
2

pH meter throughout the experiment and performed to the index
value at any time using NaOH or H2SO4. After a predetermined time
interval, a 2mL samplewas removed into the centrifuge tubewith a
pipette, immediately quenched with excess ethanol aqueous solu-
tion, and filtered by 0.22 mm membrane before analysis.

2.3. Detection of BA

The BA probe substance was measured by high-performance
liquid chromatography (HPLC, LC-20AD, Shimadzu) coupled with
a photodiode array detector. The mobile phase used a ratio of 47:53
1‰ acetic acid and chromatograph-grade methanol at a constant
flow rate of 0.8 mL min�1, the temperature of the chromatographic
column was 35 �C, and the detection wavelengths were set at
l ¼ 228 nm.

2.4. Electron spin resonance spectroscopy analysis

ESR was used to identify the primary reactive oxygen species
(ROS) �OH. Before the decay of the �OH in the system, 5,5-dimethyl-
1-pyrroline N-oxide (DMPO) was added as the trapping agent,
forming adducts with the �OH to be measured.

2.5. Determination of other components of the system

The concentration of Fe2þ was determined using the 1,10-
phenanthroline method, and the absorbance was measured at
510 nm after 10 min of color development [14]. For Fe3þ, the
maximum absorption peak at 300 nm was used to determine its
concentration (Supplementary Material Text S2). The concentration
of H2O2 was determined using the titanium oxide sulfate method,
and the absorbance was measured at 400 nm after adding the color
developer for 10 min [15]. HA was reacted with acetone to form
acetone oxime, and the concentration of acetone oxime was deter-
mined by HPLC [16] (mobile phase: methyl alcohol:0.2‰ formic
acid ¼ 30%:70%; measure wavelength 220 nm; sample volume
20 mL; flow rate 0.2 mL min�1). The EDTA concentration was
determined by high performance liquid chromatographyemass
spectrometry (HPLCeMS) experiments.

2.6. Statistical analysis

All degradation data were obtained through two parallel ex-
periments. The degradation of BAwas quantified by calculating the
ratio of the BA concentration at time ‘t’ (Ct) to the initial BA con-
centration (C0). We employed the arithmetic mean of the results
from the two parallel experiments, and the standard deviation
(calculated by the STDEVA function) was used to generate error
bars. MINTEQ 3.1 was used to simulate the species of the [Fe-EDTA]
complexes across various pH ranges.

2.7. DFT analysis

The DFT calculations were performed using the Gaussian 16
(A.03) software package [17]. Considering the involvement of
transition metals in the computational process, we adopted a
robust PBE1PBE functional combined with a mixed basis set [18,19].
The Fe atoms were treated with the Stuttgart-Dresden (SDD)
pseudopotential basis set, while the remaining elements were
optimized using the 6-311G (d,p) basis set. This allowed us to obtain
stable wave functions and structures for the target ligands. The
calculations were conducted with the solvation model of density
(SMD) to account for the solvent effects of water on the reactions
[20]. The obtained wave functions were further analyzed using
Multiwfn 3.8 (dev) software to obtain information such as local
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electron attachment energy (LEAE) [21,22], average local ionization
energy (ALIE) [23,24], highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO), charge distributions
[25], and intermolecular weak interactions [26]. The isosurface
plots of various real-space functions were rendered using visual
molecular dynamics (VMD) software based on cube files exported
from Multiwfn [27,28].
3. Results & discussion

3.1. BA degradation in Fe2þ/EDTA/HA/H2O2 system

We investigated the degradation of BA (40 mM) in the Fe2þ/
EDTA/HA/H2O2 system at pH 9.0; that is, in addition to HA
(0.5 mM), Fe2þ (20 mM), EDTA (20 mM), and H2O2 (1.0 mM), the
reaction system was manually controlled at pH 9.0 ± 0.2
(Supplementary Material Text S3). 69% of BA was rapidly degraded
in 60 min, with a first-order kinetic constant of 0.072 min�1 (k1)
(Fig. 1a). Interestingly, BA degradation did not occur in the other
systems, indicating the necessity of each component in producing
ROS.

ESR technology using DMPO as a trapping agent was further
employed to identify ROS in the system [29]. Similar to the results
of degradation experiments, only in the Fe2þ/EDTA/HA/H2O2 sys-
temwere four classical peaks detected at a ratio of 1:2:2:1 (Fig. 1b),
which was considered to be a sign of the �OH presence [30]. Using
methanol (MeOH, for inhibiting �OH), tert-butyl alcohol (TBA, for
inhibiting �OH), and chloroform (for inhibiting �O2

�) as scavengers
[13], the quenching experiment revealed the dominant contribu-
tion of �OH in BAdegradation. It should be pointed out that �O2

�may
play a negligible role in the process, owing to its weak inhibition of
BA degradation by adding 10 mM chloroform and hardly any peak
in the ESR data (Supplementary Material Fig. S2). Both MeOH and
TBA impeded BA degradation; the k1-values of BA degradation
decreased from 0.072 to 0.015 and 0.015 min�1 (Supplementary
Material Fig. S1; Fig. 1c). High-valance iron is also one of the
Fig. 1. a, Benzoic acid (BA) degradation in various systems. b, Electron spin resonance
(ESR) signals for �OH in various systems [with 100 mM 5,5-dimethyl-1-pyrroline N-
oxide (DMPO)]. c, k1-value for BA degradation under quenching conditions. d, Sche-
matic of Fe2þ/EDTA/HA/H2O2 system. Experimental condition: [BA] ¼ 40 mM;
[Fe2þ] ¼ 20 mM; [ethylenediaminetetraacetic acid (EDTA)] ¼ 20 mM; [hydroxylamine
(HA)] ¼ 0.5 mM; [H2O2] ¼ 1.0 mM; [Chloroform] ¼ [Methanol (MeOH)] ¼ [tert-butanol
(TBA)] ¼ 10 mM; Solution pH ¼ 9.0 ± 0.2.
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active oxidation species commonly seen in such systems [31,32],
but nomethyl phenyl sulfone (PMSO2) was generated in the methyl
phenyl sulfoxide (PMSO) probe experiment (Supplementary
Material Fig. S3), which proved that there was no high-valance
iron formation in the system.

In summary, �OHwas produced to degrade the probe (BA) in the
Fe2þ/EDTA/HA/H2O2 system at pH 9.0. In the system, about 69% of
40 mM BA was degraded (27 mM), which was higher than the Fe2þ

dosage (20 mM). It is plausible that one-unit Fe2þ activated H2O2
produced one-unit �OH to degrade one-unit BA, indicating the
occurrence of iron cycling in the reaction process. In the presence of
EDTA, Fe2þ/Fe3þ ions can exist in an alkaline solution, facilitating
the transfer of a single electron from HA to H2O2. This enables the
continuous production of �OH, allowing the continuous production
of the �OH (Fig. 1d) [10,33]. In the process, each constituent plays a
distinct role, with H2O2 serving as �OH precursor, Fe3þ/Fe2þ redox
pair acting as a catalyst, EDTA functioning as a catalyst stabilizer,
and HA serving as an electron reservoir.

3.2. pH-responsive production of �OH

The Fenton reaction is recognized for its pH-dependent char-
acteristics, wherein the ROS generation occurred exclusively within
a specific pH range, typically within pH 2.0e4.0 for the traditional
Fenton system [11,34]. Therefore, we investigated BA degradation
in the Fe2þ/EDTA/HA/H2O2 system at different pH levels. The Fe2þ/
EDTA/HA/H2O2 system demonstrated minimal degradation of BA
under acidic conditions, with the degradation ratio below 1%
(k1 < 0.001) within the pH range of 3.0e5.0 during a 60-min
timeframe (Fig. 2a). With the increase in pH, the degradation ra-
tio of the system also gradually increased (10% for pH 6.0 and 43%
for pH 7.0); correspondingly, the k1-value increased from 0.002 to
0.009 (Fig. 2c). Until the pH increased to 8.0e9.0, the BA degrada-
tion effect of the system reached the best; nearly 70% of BA in the
systemwas degraded within 60 min with the k1-value of 0.021 and
0.029 (Fig. 2a). However, a further increase in the pH resulted in a
downward trend in the degradation ratio of BA. When the pH
increased to 10.0, the degradation rate of BA in 60min decreased by
32% (k1 ¼ 0.012) and further increasing to 11 resulted in a 53%
decrease (k1 ¼ 0.002). At pH 12, BA in the system was hardly
degraded (Fig. 2b). The performance of the system on BA degra-
dation indicated an interestingly undocumented phenomen-
ondnamely, the novel Fenton system occurred at a narrow
applicable pH range (7.0e10.0) for �OH production. In addition, the
ESR results revealed a similar tendency in the �OH occurrence as a
function of solution pH (Supplementary Material Fig. S4).

This phenomenon could be explained by existing forms of
variation of [Fe3þ-EDTA] or [Fe2þ-EDTA] complexes at different pH
values, which was simulated by MINTEQ 3.1 software
(Supplementary Material Fig. S5) [35,36]. As the solution pH
increased from 7.0 to 10.0, the existing form of [Fe2þ-EDTA] com-
plexes shifted from the form of [Fe2þ-EDTA]2� to [Fe2þ-OH-
EDTA]3�, and the [Fe3þ-EDTA] complexes tended to exist in the
form of [Fe3þ-OH-EDTA]2� rather than [Fe3þ-EDTA]�. To better
analyze the inherent relationship of the [Fe-EDTA] complexes
existing form with BA degradation, the existing percentages of
[Fe2þ-EDTA]2� and [Fe3þ-OH-EDTA]2� were plotted as a function of
solution pH (Fig. 2c). Comparing the curve of k1-value with the
product of P [(Fe2þ-EDTA)2�] and P [(Fe3þ-OH-EDTA)2�] revealed
that variations of the kinetic constants as a function of solution pH
were highly consistent with the trends of P [(Fe2þ-EDTA)2�] � P
[(Fe3þ-OH-EDTA)2�] as a function of pH. The linear fitting results
depicted in Fig. 2d revealed a robust linear correlation, with high
confidence (R2 ¼ 0.9598), between the product and k1 across pH
levels of 3.0e12.0.



Fig. 2. aeb, Effect of pH on the degradation ratio of BA: pH from 3.0 to 9.0 (a) and pH from 8.0 to 12.0 (b), the arrow direction indicates the increased degradation ratio of BA. c,
Proportion of [Fe2þ-EDTA]2� for all [Fe2þ-EDTA] complexes, proportion of [Fe3þ-OH-EDTA]2� for all [Fe3þ-EDTA] complexes, their product, and the first-order kinetic constant (k1).
The shadow is the applicable pH range for the Fe2þ/EDTA/HA/H2O2 system. d, Linear fitting of the product of complexes fraction and the k1 of BA. Experimental condition for panels
a and b: [HA] ¼ 1 mM; [Fe2þ] ¼ 20 mM; [EDTA] ¼ 20 mM; [BA] ¼ 40 mM; [H2O2] ¼ 1 mM; Solution pH ¼ 3.0e12.0.
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The modulation of the BA degradation rate was principally
regulated by two determining steps: the activation of H2O2 through
Fe2þ and the reduction of Fe3þ by HA. These two steps were
consistent with the second-order kinetic model [37], and a
sequence of derivations reported in Text S4 (Supplementary Ma-
terial) deduced that the k1 of BA degradation in the Fe2þ/EDTA/HA/
H2O2 system exhibited a linear correlation with the square root of
the product resulting from the proportion of reaction-suitable
complexes. The product of P [(Fe2þ-EDTA)2�] and P [(Fe3þ-OH-
EDTA)2�] had a strong consistency with k1 (Fig. 2c and d) [38].
Hence, establishing that [Fe2þ-EDTA]2� had the highest reactivity
with H2O2 and that [Fe3þ-OH-EDTA]2� was the most reducible by
HA could explain the particularly suitable pH range of this system
(these two points are discussed in detail in the next section). On the
one hand, in an excessively acidic environment (pH < 7.0), the
[Fe3þ-EDTA] complexes failed to adopt the form of [Fe3þ-OH-
EDTA]2�, which was the most favorable for HA reduction, resulting
in inefficient circulation of the [Fe-EDTA] complexes. On the other
hand, in an overly alkaline environment (pH > 10.0), the [Fe2þ-
EDTA] complexes were unable to adopt the form of [Fe2þ-EDTA]2�,
which was the most conducive to the activation of H2O2, resulting
in difficult to generate �OH and the degradation of BA.
4

3.3. Reactivity analysis of [Fe-EDTA] complexes

The results presented above suggest that the special narrow pH-
suitable levels of the Fe2þ/EDTA/HA/H2O2 system were due to the
existence of different forms of [Fe-EDTA] complexes under different
pH conditions. Thus, DFT calculations determined the morphologic
active sites and their reactivity. Here, we focused on the [Fe2þ-
EDTA]2� and [Fe2þ-OH-EDTA]3� species within [Fe2þ-EDTA] com-
plexes, as well as the [Fe3þ-EDTA]� and [Fe3þ-OH-EDTA]2� species
within [Fe3þ-EDTA] complexes. Analysis of the electron spin den-
sity (Supplementary Material Fig. S6) revealed that the single
electrons of all complexes were mainly distributed on the central
iron atom and the four oxygen atoms around it, with the main
distribution locations of single electrons being the active sites of
the molecule. Following frontier orbital theory (Supplementary
Material Fig. S7), atoms with larger electron clouds occupied the
HOMO energy level or LUMO energy level, which were more likely
to become electrophilic (nucleophilic) reaction sites. The atomic
local ionization energy (ALIE) of the [Fe2þ-EDTA] complexes
showed that the regions with weak electron-binding ability and
those that could easily become electron-loss reaction sites in the
molecule were mainly distributed on the four oxygens of EDTA and
the oxygens connected with hydroxyl groups (Fig. 3a). The local



Fig. 3. Theoretical calculation analysis of [Fe-EDTA] complexes by density functional theory (DFT) analysis. a, Average local ionization energy (ALIE) or local electron attachment
energy (LEAE) analysis of frontier orbit theory; b, Interaction region indicator (IRI) analysis of the weak interatomic force; c, Atomic charge and interval analysis based on Hirshfeld;
d, Histogram based on atomic charge and spacing. When the molecular distance was below 2.185 Å, the ferro-oxygen bond can be considered.
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electron attachment energy (LEAE) of the [Fe3þ-EDTA] complexes
showed that there was a high-energy unoccupied orbital at the
central iron atom, which has stronger electrophilicity, tends to be
attacked by nucleophile, and becomes the reaction site for electron
acquisition. However, HOMO (LUMO) ALIE or LEAE analyses did not
consider interatomic interactions and steric hindrances. Therefore,
we included an interatomic weak force analysis (interaction region
indicator, IRI) (Fig. 3b), which demonstrated that the interatomic
repulsive forces gradually increased from the blue to red regions,
resulting in steric hindrance that hindered electron transport
(Supplementary Material Fig. S8). By accounting for steric hin-
drance, we obtained a more accurate ferro-oxygen distance and
atomic charge distribution (Fig. 3c), which can be used to compare
the reactivity of the [Fe-EDTA] complexes.

For the [Fe2þ-EDTA] complexes, ALIE analysis showed that the
electron-donating reaction sites were mainly distributed on the
four oxygen atoms adjacent to the central iron atom. When the
steric hindrance was neglected, there were more possible electron
donor reaction sites on the surface of the [Fe2þ-OH-EDTA]3� states
(Fig. 3a). However, there was some weak force between atoms
(Fig. 3b), and the introduction of -OH reduced the positive charge of
the iron atoms (Fig. 3c). The introduction of -OH led to a decrease in
the positive charge density of the iron atoms (Fig. 3d), accompanied
by an increase in the distance between the iron atoms and the
surrounding oxygen atoms [39]. Fe-O bonds became infeasible
when this distance exceeded the bonding distance between iron
and oxygen. The electron transport efficiency among bonded atoms
5

exhibited a substantially higher value than that observed among
unbonded atoms. Compared with [Fe2þ-EDTA]2�, although Fe33 in
the center of [Fe2þ-OH-EDTA]3� formed a new bond with O34, O34
itself carried a minimal negative charge, exhibiting little repulsive
force on electrons and weak electron-donating ability. Conse-
quently, it was difficult for O34 to serve as the electron-donating
reaction site required for the reaction with H2O2. However, the
increased distance of Fe33 with the original oxygen atoms O2, O4,
O6, and O8 hindered the formation of Fe-O bonds, losing the better
potential reaction sites that carried more negative charges. There-
fore, the reaction ability of [Fe2þ-EDTA]2� with H2O2 was stronger
than that of [Fe2þ-OH-EDTA]3�.

For the [Fe3þ-EDTA] complexes, the reaction site of the electron
was also distributed on the central iron atom and the four adjacent
oxygen atoms. The possible electron reaction sites were distributed
around Fe33 with or without introducing -OH. However, the iron
atom was located in the center of the molecule; it was difficult to
directly contact the electron donor HA and obtain electrons, which
required electron transfer by the oxygen atoms (Fig. 3a). Based on
our analysis of the weak interatomic force (Fig. 3b), the introduc-
tion of -OH would only increase the distance between O8 and Fe33
to the point that bonding cannot be achieved, whereas the spacing
and charge capacity of the remaining O2, O4 and O6 would not in-
crease significantly. Compared with O8, the newly introduced O34
has a closer distance with Fe33, which was more conducive to the
formation of ferro-oxygen bonds (Fig. 3d), and its charge was
positive (Fig. 3c), which can attract electrons and is more suitable as



Fig. 4. BA degradation ratio in various systems. a, High [Fe2þ-EDTA] complexes con-
centration (without HA); b, Different HA concentration; c, Different HA addition
modes; d, �OH half-life in different systems. Experimental condition for panels a:
[BA] ¼ 40 mM; [H2O2] ¼ 1 mM; [Fe2þ] and [EDTA] ¼ 0.1e2.0 Mm; pH ¼ 9.0 ± 0.2; b:
[BA] ¼ 40 mM; [H2O2] ¼ 1 mM; [Fe2þ] ¼ 20 mM; [EDTA] ¼ 20 mM;
[HA] ¼ 0.01e1.00 mM; pH ¼ 9.0 ± 0.2; c: [BA] ¼ 40 mM; [H2O2] ¼ 1 mM;
[Fe2þ] ¼ 20 mM; [EDTA] ¼ 20 mM; [HA] ¼ 1.00/0.50 mM; pH ¼ 9.0 ± 0.2.

P. Wang, F. Kang, X. Huang et al. Environmental Science and Ecotechnology 25 (2025) 100566
a reaction site for obtaining electrons. Therefore, compared with
[Fe3þ-EDTA]�, [Fe3þ-OH-EDTA]2� has a stronger reaction capacity
with HA.
3.4. Parameter optimization

For the Fe2þ/EDTA/H2O2 system, low concentration (20 mM) of
[Fe2þ-EDTA] could not promote the generation of �OH (Fig. 1a). We
attributed this outcome to the inefficient circulation of [Fe2þ-
EDTA]/[Fe3þ-EDTA] complexes. However, previous work has shown
that a high concentration of [Fe2þ-EDTA] complexes (1 mM) could
also induce the formation of �OH [13]. Therefore, we investigated
the effect of a high concentration of [Fe2þ-EDTA] complexes on the
degradation ratio of BA (Fig. 4a). Within a certain concentration
range (0.1e1.0 mM), increasing the concentration of [Fe2þ-EDTA]
complexes enhanced the degradation ratio. However, the [Fe2þ-
EDTA] complexes itself was also an organic matter in the degrad-
ability range of �OH, given its high reaction rate with �OH
(k ¼ 5 � 109 M�1 S�1) [40]. In an environment with high complex
content, the presence of [Fe2þ-EDTA] complexes would consume
the generated �OH and reduce the chance of contacting the target
substance, BA, degrading it. This would result in a competitive ef-
fect between [Fe2þ-EDTA] complexes and BA for �OH. Under
experimental conditions, when the [Fe2þ-EDTA] complexes con-
centration reached 2 mM, the degradation ratio of BA decreased to
58% in the first 10 min, with no BA degradation. Thus, although a
high concentration of complex agents could facilitate the produc-
tion of �OH, it would concurrently result in diminished utilization
efficiency.

Similarly, the concentration of HA in the system also affected the
degradation effect. For the low concentration of [Fe2þ-EDTA]
complexes, a stepwise increase in the HA dosage of the system
6

gradually increased the BA removal ratio. As the concentration of
HA increased, the degradation ratio of BA also exhibited a pattern of
initially increasing before decreasing (Fig. 4b). HAmainly existed in
the form of NH2OH at pH 9.0, and NH2OH and �OH also had high
reaction rate constants (k ¼ 9.5 � 109 M�1 S�1) [41]. Hence, beyond
a certain threshold, with the increase of HA, the ability to compete
�OH would also strengthen, leading to a reduction in the degra-
dation ratio of BA [11,42]. However, HA was an essential reducing
agent in the system, so the mode of HA changed from single-dosing
to multiple-dosing addition during the reaction; that is, the
required HA was divided into several equal parts and added grad-
ually during the reaction [37]. When the total amount of HA was
fixed at 1 mM, n ¼ 3 and n ¼ 5 achieved a removal ratio of 89% and
90%, which was about 14% higher than that at n¼ 1 (77%) and about
7% higher than with 0.5 mM HA at n ¼ 1 (83%) (Fig. 4c).

The half-life of the �OH can illustrate its survival time from
formation to annihilation in the system, and the longer its survival
time, the more likely it was to degrade the targeted pollutant. The
�OH half-life was estimated based on the reaction rate constants of
different substances with �OH, as illustrated in Text S5 (Supple-
mentary Material). An increase in the initial concentrations of
[Fe2þ-EDTA] complexes and HA shortened the half-life of �OH
(Fig. 4d), thus reducing the utilization efficiency of �OH. However,
the lack of a reducing agent would have caused the early termi-
nation of �OH generation because of poor iron circulation; thus, we
employed the fractional dosing mode to add HA. When the HAwas
split into five parts and added at the same time intervals, the half-
life of �OH was significantly increased to 0.32 ms, which was about
four times that of the single-dosing mode.

In summary, combining the degradation effects of different
dosages (Supplementary Material Fig. S9) and the calculation of
�OH half-life (Fig. 4d), we optimized the optimal dosages of each
component of the system as follows: H2O2 ¼ 1 mM; Fe2þ ¼ 20 mM;
EDTA ¼ 20 mM; HA ¼ 1 mM (n ¼ 5).

3.5. System composition analysis

HA in the Fe2þ/EDTA/HA/H2O2 system fate to be degraded into
small molecule inorganic substances, which were harmless and
convenient for subsequent treatment, and N2 had the highest
proportion in 30 min (83%), and a few converted to NO2

�, NO3
�, and

N2O (Supplementary Material Fig. S10) [16]. The iron ion stabilizer
EDTA, an organic matter, could be degraded by �OH during the
reaction process. The primary intermediates formed during this
degradation were ethylenediamine triacetate iron complex (Fe-
ED3A), ethylenediamine diacetate iron complex (Fe-EDDA), and
iminodiacetic acid (IMDA). Ultimately, it is thoroughly mineralized
into innocuous inorganic molecules, such as CO2 and H2O
(Supplementary Material Fig. S11) [43,44]. The influence of venti-
lation conditions was discussed in Supplementary Material Text S6
(Supplementary Material Fig. S12), and the difference between the
degradation ratio in 60 min of nitrogen injection, oxygen injection,
and air injection could be ignored. We tried other complexing
agents, ethylenediamine-N,N0-disuccinic acid (EDDS), nitrilotri-
acetic acid (NTA), and sodium citrate, but did not observe experi-
mental outcomes similar of EDTA (Supplementary Material
Fig. S13).

3.6. Support for smart water management

In the Fenton system, the generation of �OH was the oxidation
process, whereas the cycling of trivalent iron was the reduction
process. The discrepancy in their suitable pH ranges explains the
narrow optimal pH range of the Fe2þ/EDTA/HA/H2O2 system. Unlike
the existing enhanced Fenton system, which prioritizes broadening
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the pH range, the unique advantage of the Fe2þ/EDTA/HA/H2O2
system is its sensitivity to changes in pH [45]. This optimized sys-
tem could be applied to special pH-dependent scenarios in smart
water management, such as cyanide-containing wastewater. The
system is continuously acidified by a process of advanced oxidation,
which would cause the cyanide to escape as gas, causing significant
risks to human health [46e49]. However, in Fe2þ/EDTA/HA/H2O2
system, the generation of �OHwould pause at about pH¼ 7.0 due to
exceeding the appropriate pH range, recovering when the pH is
adjusted back (Supplementary Material Fig. S14). This self-
protection mechanism can effectively avoid further acidification
of the system and keep the system in a moderately alkaline pH
range to ensure the safety of the cyanide removal process [50]. In
our experiments, when potassium ferricyanide was used as the
interference, the degradation ratio of BA in the system was still
maintained in a relatively stable range (Supplementary Material
Fig. S15), and similar results were obtained in experiments with
actual wastewater (mainly containing copper cyanide complex,
Naþ, and Zn2þ) (Supplementary Material Fig. S16).

Therefore, the optimized Fenton system has the potential as an
outstanding counterplan for smart water management to combat
similar issues with wastewater, which has been facing a firm de-
mand for immediate responsiveness and spatial synchronization of
its pH. Furthermore, acidic wastewater poses a significant threat of
accelerated corrosion to piping systems, which may lead to a
considerable reduction in the service life of the equipment.
Conversely, the Fe2þ/EDTA/HA/H2O2 system effectively stabilized
the pH value of the wastewater treatment process within neutral or
alkalescency, thus avoiding the system acidification problems
usually associated with advanced oxidation and less burden on the
equipment than traditional Fenton.

4. Conclusion

In this work, the Fe2þ/EDTA/HA/H2O2 systemwas constructed to
address pH-dependent scenarios in smart water management.
Within the system, only the H2O2 activation by Fe2þ and Fe3þ

reduction by HA simultaneously occurred, and �OH could be
continuously generated. The addition of 20 mM Fe2þ resulted in 69%
of 40 mM of BA becoming degraded at pH 9.0, confirming iron cir-
culation in the system. Density function theory revealed that the
species of the [Fe-EDTA] complexes affected its reactivity. This was
caused by bond length, charge amount, steric hindrance, and other
factors. Due to their stronger electron-transferring capacity, [Fe2þ-
EDTA]2� species had a higher activity of turning H2O2 into �OH,
while [Fe3þ-OH-EDTA]2� species was more smoothly reduced by
HA. This difference in pH required for the existence of these two
forms allowed for the pH-responsiveness of the system, utilizing a
“pause-then-adjust” strategy to cope with changes in pH. In sum-
mary, the Fe2þ/EDTA/HA/H2O2 system could address the latency
between monitoring and response and the spatial non-uniformity
induced by insufficient stirring to ensure stable operation within
the designated pH parameters. The pH responsiveness made the
system an immediately responsive and spatially synchronized
supplementary method that could be used to address increasingly
sophisticated water treatment requirements.
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