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Abstract

This study systematically elucidates the electronic structure-activity relationship
between secondary amines and ferrate (Fe(VI)) activation. Comparative experiments
demonstrated that pyrrolidine (Py) significantly outperformed diethylamine (Di) in
enhancing Fe(VI)’s oxidation capability across various dosage conditions and pollutant
systems, with Py-Fe(VI) achieving approximately 7-fold higher rate constant than
Fe(VI) alone for isoquinoline (IQL) degradation, versus a 2-fold improvement observed
with the Di-Fe(VI) system. Mechanistic studies combining quenching experiments and
EPR characterization corroborated Fe(IV)/Fe(V) as dominant reactive species for IQL
degradation, with kinetic modeling revealing that Fe(IV) contributes >80% to IQL
degradation in all processes. Electrochemical analyses suggested that Fe(VI) activation
by Di and Py might involve the formation of iron-secondary amine complexes. Density
functional theory calculations highlighted Py’s lower energy barrier for Fe(VI)
complexation (27.7 vs. Di’s 29.1 kcal/mol), accelerating activation. Secondary amines
were shown to stabilize Fe(IV) via coordination, extending its reactive lifetime.
Systematic evaluation of various secondary amines revealed a significant negative
correlation between the highest occupied molecular orbital energy levels of amines and
Fe(VI) activation performance, indicating that moderate electron-donating capacity
promotes iron complexation and pollutant degradation. This work establishes a
molecular design framework for Fe(VI) activators while providing new insights into
high-valent iron-mediated oxidation mechanisms, advancing sustainable water

treatment strategies.
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calculations

Synopsis
This study established a quantitative correlation mechanism between secondary amine

configuration and Fe(V]) activation efficiency.

1. Introduction
In recent years, ferrate (Fe(VI1)) has attracted extensive research attention as an
environmentally friendly and multifunctional water treatment agent due to its unique

redox properties 12

. This compound combines strong oxidizing capacity with
multifunctional synergistic effects *, enabling efficient pathogen inactivation *, organic
pollutant degradation >, inorganic pollutant transformation ", and heavy metal ion
removal °. Notably, it produces no halogenated disinfection by-products during

treatment '°

and demonstrates superior resistance to water matrix interference compared
to chlorine-based disinfectants and ozone !'. Although Fe(VI) demonstrates
multifunctional advantages, its practical implementation remains constrained by kinetic
limitations in pollutant degradation compared to ozone, Fenton reagents, and other
advanced oxidation processes (AOPs) !!. Furthermore, its intrinsic instability poses
critical challenges, such as rapid decomposition under acidic conditions '>!3. These pH-
dependent limitations collectively restrict its operational versatility across diverse water
matrices. To address these bottlenecks, there exists an urgent demand for developing
efficient Fe(VI) activation strategies while broadening its operational pH spectrum,
thereby enabling more robust and adaptable water treatment applications.

Studies have demonstrated that the oxidative capabilities of highly reactive high-

valent iron species (Fe(IV)/Fe(V)) markedly surpass those of Fe(VI) 4. Existing
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research confirms that strategies including acid activation *°, coupling with carbon-

2,16 17-19 20-23

based materials ~'°, synergistic oxidation , reduction agents , metal oxide

2426 and energy field enhancement %7 can significantly increase the

catalysis
proportion of Fe(IV)/Fe(V) generation in Fe(VI) systems. Of particular interest are
amine compounds, which are ubiquitous in natural water systems as reductive media
derived from dissolved organic matter and anthropogenic pollutants, such as
pharmaceuticals, personal care products, and pesticides **. Emerging studies have
revealed that nitrogen-containing substances like creatinine », aliphatic amines *%, and

amino acids '

can activate Fe(VI) through electron transfer processes, substantially
improving pharmaceutical pollutant degradation efficiency. Notably, the amine
functional groups in pharmaceuticals play a decisive role in governing their oxidative
transformation pathways mediated by Fe(VI). This structural dependence is particularly
evident in sulfonamide antibiotics, where the electronic and steric properties of amine
moieties dictate the selectivity of oxidation intermediates and final products 3°. A
critical distinction lies in the activation mechanisms among primary, secondary, and
tertiary aliphatic amines: secondary amines exhibit optimal enhancement effects by
preferentially generating Fe(IV)-dominated active species, while structurally unique
amines, e.g., proline, achieve efficient pollutant removal via Fe(V)-mediated pathways.

To systematically elucidate the structure-activity relationship between amine
configurations and Fe(VI) activation mechanisms, this study selects diethylamine (Di,
Figure 1a) and pyrrolidine (Py, Figure 1b) as model compounds. Despite their similar
molecular weights and chemical compositions, Di possesses a flexible aliphatic chain
structure, whereas Py features a rigid cyclic configuration. This structural difference

provides an ideal comparative system for investigating the impact of molecular rigidity

on Fe(VI) activation efficiency. The research focuses on four key objectives: (1)



94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

comparing the differential enhancement effects of Di and Py on Fe(VI)-mediated
degradation of pollutants; (2) identifying critical active species (radical/non-radical)
and quantifying their contributions; (3) elucidating molecular mechanisms underlying
Fe(V]) activation by different amines; (4) establishing quantitative structure-activity
relationships between secondary amine configurations nd Fe(VI) activation efficiency
to provide guidance for designing high-performance Fe(VI) activators. This work not
only advances fundamental understanding of Fe(VI)-amine interactions but also offers
scientific foundations for developing ligand-regulated advanced water treatment

technologies.

2. Materials and Methods
2.1. Chemicals and Reagents

All the chemicals and reagents used were at least analytical grade; detailed
descriptions are provided in the Supporting Information (SI), Text S1. The synthesis
procedure for potassium ferrate (Fe(VI)) is presented in Text S2 of the SI
2.2. Experiment Procedures

All batch degradation experiments were conducted at 25 + 1 °C in glass beakers
on a magnetic stirrer (300 rpm). Each pollutant was individually added to the 100 mL
system at a concentration of 10 uM. The reaction was initiated by simultaneously
adding the target amount of amine compounds and solid Fe(VI). The pH was
maintained at 9.0 = 0.05 with 10 mM borate buffer. At predetermined time intervals, a
1 mL sample was collected and immediately quenched with excess hydroxylamine
hydrochloride (100 pL of 0.1 M NH20H-HCI), and then filtered (0.22 pm) into UPLC
vials before analysis. Other experiments under different conditions also followed the

above procedures. All experiments were performed in at least duplicates and the results
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are presented as average data with one standard deviation.
2.3. Analytical Methods

The pH values were monitored with a pH meter (FE-28, Mettler Toledo, USA).
The measurement of Fe(VI) concentration is detailed in Text S3 Measurements of
micropollutant concentrations are described in Text S4 and Table S1. Electron
paramagnetic resonance (EPR) analysis is presented in Text S5. Electrochemical tests

were conducted in a three-electrode electrochemical cell (Text S6).

2.4. Theoretical calculations

Structure optimizations were carried out with Gaussian 16, Revision A.03 package
31 at the B3LYP 2% level of theory including Grimme’s D3 dispersion corrections with
Becke-Johnson damping (D3BJ) *** with a def2SVP basis set ***. To identify each
stationary point as either an energy minimum or a transition state, analytical frequency
calculations were carried out at the same level of theory. On the basis of the gas-phase
optimized structures, single point energy values were calculated using the B3LYP
functional with a def2-TZVP basis set 3% All reported energies are based on gas-
phase Gibbs free energies for which the electronic energies were corrected to B3LYP
with def2-TZVP basis set and solvent effects. The calculation of the Fukui index for Di
and Py molecule was performed using the Multiwfn software ° (details shown in Text
S7).
2.5. Kinetic Modeling

The program Kintecus V6.51 (www.kintecus.com) was used for kinetic fitting and

simulation for IQL oxidation in the Fe(VI) alone, Di-Fe(VI), and Py-Fe(VI) systems.
The reaction equations employed in the kinetic model are displayed in Tables S2—S4,

and the models were validated by the model sensitivity analysis (Texts S8§—S10 and


http://www.kintecus.com/
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Figures S10—-S19) 41,

3. Results and Discussion
3.1. Oxidation Performance of secondary amine-Fe(VI)
The degradation of isoquinoline (IQL) by individual systems (Di alone, Py alone,

Fe(VI) alone) and combined systems (Di-Fe(VI), Py-Fe(VI)) was systematically

investigated. As shown in Figure SI, neither Di nor Py alone exhibited any IQL
degradation capability within 300 seconds of reaction. In contrast, the Fe(VI) alone, Di-
Fe(VI), and Py-Fe(VI) systems achieved IQL removal efficiencies of 40.9%, 66.1%,
and 90.1%, respectively. As depicted in Figure lc, all the three processes followed
second-order kinetics. The rate constants for Di-Fe(VI) and Py-Fe(VI) were determined
to be 7.73 M !s7! and 25.7 M !s!, respectively, representing approximately 2-fold and
7-fold enhancements compared to the sole Fe(VI) process (3.69 M !s™!). It is obvious
that the introduction of Di or Py significantly enhanced the Fe(VI)-mediated
degradation of IQL.

Additionally, the degradation of 12 micropollutants were systematically evaluated
with Di alone, Py alone, Fe(VI) alone, Di-Fe(VI), and Py-Fe(VI) processes. The target
contaminants included: antibiotics, i.e., sulfamethoxazole (SMX), tetracycline (TET),
ciprofloxacin (CIP); endocrine disruptors, i.e., bisphenol A (BPA, atrazine (ATZ),
dimethyl phthalate (DMP); pharmaceuticals, i.e., diclofenac (DCF), carbamazepine
(CBZ), ibuprofen (IBU); representative organics in shale gas wastewater, i.e., IQL, 6-
Methylquinoline (6-MQ), indoline (IDL) (see Figure S2 and Figure 1d). Within 300 s,
Di and Py alone exhibited negligible degradation for all tested micropollutants. Fe(VI)
achieved partial degradation of 9 out of 12 contaminants within 5 minutes, with the

exceptions of DMP, IBU, and ATZ, likely because Fe(VI) typically exhibits high
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reactivity toward electron-rich contaminants but inertness toward electron-deficient
ones %’. Notably, except for DMP, TET, BPA, and IDL, the latter three having already
achieved 100% degradation by Fe(VI) alone, the addition of Di and Py enhanced the
degradation of all tested micropollutants. Py consistently exhibited a stronger catalytic
enhancement than Di, with this phenomenon observed across different pollutant
categories, implying the broad applicability of the observed catalytic behavior.

The dosage-dependent effects of secondary amines on IQL degradation were
evaluated in Di-Fe(VI) and Py-Fe(VI) processes. As shown in Figures 1e—f, increasing
the Di or Py concentrations from 10 to 40 uM initially enhanced IQL degradation
efficiency, followed by a slight decline at 50 uM. This phenomenon likely arised from
excessive Di or Py reducing high-valent iron species (Fe(VI)/Fe(V)/Fe(IV)) to less
reactive lower-valence states (Fe(Ill)/Fe(Il)), which commonly exhibit diminished
oxidative capacity for IQL degradation. Notably, Py exhibited persistent catalytic
superiority over Di across all tested dosages under identical experimental conditions,
thereby emphasizing the reproducibility and mechanistic stability of this enhancement
phenomenon. Investigations into additional influencing parameters (e.g., pH,

coexisting ions) are provided in Figures S3—S4 and Text S11-S12.
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187  Figure 1. Structural formula of Di (a) and Py (b); Degradation kinetics of IQL by Fe(VI),
188  Di-Fe(VI), and Py-Fe(VI) processes (c); Removal of various pollutants by Fe(VI) alone,
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190  IQL removal. Experiment conditions: pH =9.0, [IQL]Jo = 10 uM, [Di]o = [Py]o =40 uM,

191  [Fe(VD)]o =500 pM.
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3.2. Evidence for the Fe(V)/Fe(IV) Contribution

To examine the possible reactive oxygen species (ROS, e.g., HO", 02", and '02)
and reactive iron species (Fe(IV)/Fe(V)) for IQL depletion during the Fe(VI)-based
processes, a combination of EPR spectroscopy, quenching tests, and probe compounds
was utilized (Text S13). As depicted in Figure 2a, HO" was likely not involved in any
of the processes, scine no signal of the DMPO-HO" adduct was observed. The role of
HO' was also ruled out using the probe compound nitrobenzene (NB) ***, as NB had
no effect on the removal of IQL (Figure 2b), and no removal of NB was observed in
these systems (Figure S5). Then, to identify the role of 02", CCls was chosen as a
scavenger for O2", since CCls is relatively reactive with Q2" (1.1 x 10° M1 714,
The presence of 50 mM CCls showed a negligible inhibition on the abatement of IQL,
indicating that O2" did not have substantial involvement in any of the systems, with or
without secondary amines (Figure 2b and Figure S6). The employment of nitro blue
tetrazolium (NBT) as a characteristic probe also ruled out the role of O2", because the
absorbance of NBT could not be reduced (Figure S7) and there was no characteristic
absorption peak of NBT-O2"" at 560 nm*® (Figure S8). Furthermore, visible light-rose

47 was conducted

bengal (Vis-RB) process, a classical system that only produces '02
to verify the role of !02. As summarized in Figure S9, the Vis-RB process did not lead
to the degradation of IQL, reflecting that the !O> was not responsible for IQL
elimination. Although a TEMP-!0: signal was observed (Figure 2c), it may not be
attributed to 'Oz, a mechanism that will be discussed below. The results collectively
excluded the significant roles of ROS in IQL removal. In other words, active iron

species oxidation should be the largely main mechanism responsible for removing IQL

within the Fe(VI), Di-Fe(VI), and Py-Fe(VI) systems.
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Figure 2. EPR spectra of DMPO-HO" in various processes (a); Influence of different
scavengers and probes on the removal of IQL by Fe(VI) alone, Di-Fe(VI), and Py-Fe(VI)
processes (b); EPR spectra of TEMP-'0: in various processes (c); Degradation of
PMSO and generation of PMSO: in Fe(VI) alone (d), Di-Fe(VI) (e), and Py-Fe(VI) (f)
processes. Experiment conditions: pH = 9.0, [IQLJo = 10 uM, [Di]o = [Py]o = 40 uM,

[Fe(VD)]o = 500 uM, [PMSOJo = I mM, [NBJo = 10 uM, [CCla]o = 50 mM.
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It is well known that methyl phenyl sulfoxide (PMSO) can be oxidized by high-
valent iron (Fe(IV)/Fe(V)) into PMSO: through oxygen-atom transfer pathway, which
observably differs from the radical-based oxidation pathway, during which PMSO
mainly transforms into other products, such as hydrolyzed PMSO!®*, Typically,
Fe(IV)/Fe(V) exhibits higher oxidation capability than Fe(VI) with PMSO. Thus,
PMSO has been frequently used to check the formation of Fe(IV)/Fe(V) in Fe(VI)-
based oxidation processes. When 1 mM of PMSO was added into Fe(VI), Di-Fe(VI),
and Py-Fe(VI) systems, the removal performance of IQL was remarkably restrained
(Figures 2b). For instance, when 1 mM PMSO was added to the reaction solution, only
1.24%, 2.03%, and 2.84% of IQL abatement was obtained after 300s treatment for
Fe(VI) alone, Di-Fe(VI), and Py-Fe(VI), respectively, while 40.9%, 66.1%, and 90.1%
IQL removal was achieved by the corresponding three processes in the absence of
PMSO. The obvious suppression phenomenon of IQL degradation may be attributed to
PMSO and IQL competing for Fe(IV)/Fe(V). This also suggested that Fe(IV)/Fe(V)
played a dominant role in IQL removal.

Furthermore, the degradation of PMSO by sole Fe(VI), Di-Fe(VI), and Py-Fe(VI)
processes was explored. As reflected in Figures 2d-2f, the proportion of generated
PMSO: to degraded PMSO consistently remained around 100% throughout the entire
reaction sequence, demonstrating that nearly all PMSO degradation was converted into
PMSO: through the oxygen transfer mechanism in all processes. The findings
additionally confirm that the involvement of radicals may be considered negligible,
with Fe(V) and Fe(IV) being identified as the key reactive species responsible for the
removal of IQL. Importantly, compared with sole Fe(VI) process, Di-Fe(VI) and Py-
Fe(VI) processes achieved faster degradation of PMSO and formation of PMSOa2,

which is attributed to the addition of Di and Py speeding up the generation of
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Fe(IV)/Fe(V). Figure 2c presents the EPR spectrum of TEMP-'0; in various processes:
a signal for the TEMP-!0O> adduct was observed in the Fe(VI) alone process, while the
signals for adduct in the Di-Fe(VI) and Py-Fe(VI) systems were significantly stronger
than that of the Fe(VI) alone. Previous research has reported that high-valent iron
(Fe(IV), Fe (V), Fe(VI)) could lead to false positives in 1Oz EPR detection®. Therefore,
the signals here were likely attributed to high-valent iron, since with the presence of
PMSO the signals were significantly reduced. The enhanced signal in Di-Fe(VI) and
Py-Fe(VI) process also indicated that the production of Fe(IV)/Fe(V) was increased. In
summary, Fe(V)/Fe(IV) was likely the dominant reactive species for IQL removal in

the Di-Fe(VI) and Py-Fe(VI) reaction processes.

3.3. Identification of Fe(IV)/Fe(V)/Fe(VI) Contribution to IQL degradation

The results discussed above corroborate that only Fe(IV), Fe(V), and Fe(VI) were
involved in IQL oxidation. However, the specific contributions of ferrates in this
process are still unknown. Thus, a model was built based on major reactions (details in
Tables S2—-S4) and employed to fit the kinetics of IQL degradation by Kintecus software.
Based on the modeled results, Fe(V) and Fe(IV) contributed 18.6% and 80.3% to IQL
oxidation in the Fe(VI) alone process, respectively. Fe(IV) was the dominant reactive
species for IQL degradation in the Di-Fe(VI) process (86.4% contribution), while the
contribution of Fe(V) was 12.9%. Similarly, Fe(IV) accounted for 92.5% of the IQL
oxidation in the Py-Fe(VI) process, whereas Fe(V) contributed only 7.48% to IQL
oxidation. Of note is that the contribution of Fe(IV) obviously increased in the Di-Fe(VI)
and Py- Fe(VI) processes, in comparison with that of the sole Fe(VI) system (Figures
3), suggesting the role of Fe(IV). The above models were tested with a sensitivity

analysis and model validation (Figures S10-S18) and the results confirmed that the
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fitting results were valid. Furthermore, the concentration profiles of ferrates in Fe(VI)
alone, Di-Fe(VI), and Py-Fe(VI) were also determined based on the simulation. Figure
S19 shows that the concentration of Fe(IV) was about three orders of magnitude higher
than that of Fe(V) during IQL degradation by three different processes. Note that the
concentration of Fe(IV) in the Di-Fe(VI) and Py-Fe(VI) processes were increased
compared with the case of Fe(VI) alone, suggesting the increased amounts of reactive
species under the activation of Di and Py. In general, the results strongly suggest that

Fe(IV) played a dominant role in all the three processes.

10 pa 10 () 10
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m 4]
81 84 8
" a m
= 6 — 6 o _ 6
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Figure 3. Contributions of Fe(IV), Fe(V), and Fe(VI) to IQL degradation by Fe(VI)
alone (a), Di-Fe(VI) (b), and Py-Fe(VI) (c) processes.. Experiment conditions: pH =

9.0, [IQLJo = 10 uM, [Di]o = [Py]o = 40 uM, [Fe(VI)]o = 500 puM.

3.4. Activation Mechanism of Fe(VI) by Secondary Amines and Corresponding
Theoretical Calculations

As mentioned above, both Di and Py enhanced the oxidative performance likely
by activating Fe(VI) to generate Fe(IV)/Fe(V) intermediates. In this process, Fe(VI)
acts as an electron acceptor, while Di and Py serve as electron donors. This section will
delve into the specific activation sites of Fe(VI) by Di and Py, along with the relevant

functional groups, through DFT calculations. Figure 4a, 4c, 4f, and 4h illustrates the

14
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distribution of negative and positive electrostatic potentials around Di and Py using a
gradient from blue to red. The deep blue regions represent areas of concentrated
negative charge, surrounding N atoms, which correlate with stronger affinity for high-
valent Fe active species and greater potential for chemical activation. By analyzing the
electron density isosurface maps of f, ', and f° on the surfaces of Di and Py, it is
evident that the -NH groups in Di and Py are expected to exhibit higher reactivity
(Figure S20). While the isosurface mapping of electron density provides intuitive
insights, it does not facilitate detailed quantitative analysis of Fukui function values. To
enable a more streamlined and intuitive interpretation, a simplified version of the Fukui
function was employed to predict the sites in Di and Py molecules that are susceptible
to attack by reactive species. The condensed Fukui function theory indicates that larger
£, f*, and ° values correspond to atoms more prone to electrophilic, nucleophilic, and
radical attacks, respectively. The 3N site in Di and the 1IN site in Py display the highest
f values (Figure 4d—4e), suggesting these locations are likely the first to be targeted by
Fe(VI).

The highest occupied molecular orbital (HOMO) is a critical indicator reflecting
the electron-donating capacity of a molecule. Figure 4b and 4g reveals that the HOMOs
of both Di and Py were apt to be localized on the -NH groups. Thus, the electrons in the
-NH groups of Di and Py are readily delocalized. The HOMO value of Py (—6.36 eV)
is more negative than that of Di (—=6.09 eV), indicating that Di has superior electron-
donating capability to Fe(VI) compared to Py. This observation, which exhibits an

inverse correlation with the degradation trend of IQL, will be analyzed in subsequent
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318  Figure 4. Chemical structure of Di (a) and Py (f); Highest occupied molecular orbital
319  (HOMO) of Di (b) and Py (g); Electrostatic potential (ESP) distribution of Di (¢) and
320 Py (h); Natural population analysis (NPA) charge distributions and condensed Fukui
321  index (f") of Di (d) and Py (e).

322
323 3.5. Coordination between Fe(VI) and Secondary Amines
324 In-situ electrochemical analysis was further used to investigate the promoting

325  mechanism of Di-Fe(VI) and Py-Fe(VI) processes. Figure 5a shows the variation curve

326  of the open circuit potential with time, using a mercury oxide electrode (HgO) as the
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reference electrode and Pt sheet electrodes as the working and counter electrodes. After
Fe(VI) was added to the solution, the potential rose immediately from initial 0.68 V to
final 0.83 V after stabilization. Because Fe(V]) is a strong oxidizing agent, the addition
of Fe(VI) enhanced the oxidizing power, resulting in a higher potential. After the
subsequent addition of Di or Py, the potential began to decrease, indicating that Di and
Py acted as reductants in the reaction, donating electrons and reducing Fe(VI) to low-
valent forms, such as Fe(IV) and Fe(V). Next, the residual Fe(VI) concentrations for
Fe(VI) alone, Di-Fe(VI), and Py-Fe(VI) processes were investigated (Figure 5b). After
300 s reaction time, the value of [Fe(VI)]/[Fe(VI)]o ratio was 0.94, 0.90, and 0.58 in the
sole Fe(VI), Di-Fe(VI), and Py-Fe(VI) systems, respectively, indicating that the
consumption of Fe(VI) could be remarkably improved with the presence of Di and Py.
The consumption of Fe(VI) was effectively improved by Di and Py, while the Di-Fe(VI)
and Py-Fe(VI) processes still showed higher performance for IQL abatement than sole
Fe(VI). As a whole, these results indicate that more reactive species, such as active
high-valent iron intermediate species, (Fe(IV), Fe(V)), may be formed by the
combination of Di and Py with Fe (VI) '428,

Cyclic voltammetry (CV) measurements were conducted for the three systems
(Figure 5c). Redox peaks were observed in all three systems; given the limited
electrochemical data for Fe(VI) in the existing literature, it is hypothesized that the
observed reduction may correspond to the reductive conversion of high-valent Fe
species to low-valent forms, such as Fe(IV) and Fe(V). The Py-Fe(VI) process exhibited
the highest peak current, indicating the presence of more active iron species in the
process. It is noteworthy that, compared to the Fe(VI) alone, both the Di-Fe(VI) and
Py-Fe(VI) processes exhibited a positive shift in oxidation peaks and a negative shift in

reduction peaks in their CV curves. This phenomenon could be attributed to the
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coordination of Di and Py with Fe(VI) to form complexes, where the complexation
altered the redox potential of Fe(VI). The negative shift in reduction peaks indicates
that the Fe(VI) complexes are more easily reduced than free Fe(VI), suggesting a
lowering of their reduction energy barrier. Furthermore, electrochemical impedance
spectroscopy (EIS) was employed to evaluate the charge transfer resistance of the
catalysts during redox reactions *° (Figure 5d). A lower Tafel slope indicates higher
intrinsic activity and reduced transport limitations °!. The order of the semicircle radii
in the Nyquist plots was: Fe(VI) < Di-Fe(VI) < Py-Fe(VI), with Py-Fe(VI) process
showing the largest radius. This phenomenon is due to the coverage of the electrode
surface by the complexes after their formation, leading to an increase in resistance.
These results validate the hypothesis discussed above: taken together, the efficacy of Di
and Py in activating Fe(VI) for IQL removal appears to be influenced by their
coordination properties.

To elucidate the superior activation performance of Py over Di in enhancing
Fe(VI)-mediated IQL degradation and unravel the mechanistic origins of differential
Fe(V)/Fe(IV) contribution ratios, we conducted density functional theory (DFT)
calculations to compare the reaction energy barriers of the various systems.
Thermodynamic parameters for reactants, transition states (TS), intermediates, and

products in Di- and Py-Fe(VI) reaction systems are summarized in Tables S7-S9, with

Gibbs free energies illustrated in Figures 5e and 5f. The results indicate that the
activation energy barrier for Py to form transition state TS1 with Fe(VI) (27.7 kcal/mol)
is lower than that of Di (29.1 kcal/mol), implying faster reaction kinetics for Py. This
observation aligns with the enhancement trend discussed in Section 3.1, which
suggested that Py-Fe(VI) exhibited superior IQL degradation compared to Di-Fe(VI).

This phenomenon may arise from the conformational rigidity of Py’s cyclic structure,
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which facilitates optimal geometric alignment for hydrogen abstraction and oxygen
transfer processes. Concurrently, intracyclic orbital conjugation and favorable lone-pair
electron orientation within the pyrrolidine ring may synergistically promote Fe-O bond
cleavage while stabilizing O-N bond formation. Although Di is characterized by a
marginally lower TS2 barrier (13.5 vs. 14.0 kcal/mol for Py), the decisive TS1 disparity
may govern the overall reaction kinetics, establishing Py’s superiority.

Furthermore, we note that the energy barrier for the formation of complex int2
between Py and Fe(VI) (12.9 kcal/mol) was found to be lower than the corresponding
value for Di (14.5 kcal/mol), indicating that Py should coordinate more efficiently with
Fe(VI). During the reaction between Py and Fe(VI), the energy barrier for the formation
of complex int4 between Fe(IV) and Py(O) (13.0 kcal/mol) was also found to be lower
than the corresponding value for Di (13.9 kcal/mol), suggesting that the Fe(IV)-Py(O)
complex should be more stable and may effectively inhibit its conversion into less
reactive Fe(II)/Fe(IIT). Based on Tables S2—S4, Fe(V) in all three systems is primarily
generated from the reaction between Fe(VI) and Fe(Il). Consequently, the Fe(IV)
contribution in the Py-Fe(VI) system is higher than that in the Di-Fe(VI) system, while
the Fe(V) contribution is lower. Overall, Py may provide superior advantages in
intermediate formation and stabilization, further supporting its kinetic dominance.

In summary, the findings discussed here suggest that the enhanced pollutant
degradation performance of secondary amines (e.g., Di, Py) with Fe(VI) is closely
related to their ability to form stable complexes with high-valent iron species
(Fe(VI)/Fe(IV)/Fe(V)). Notably, differences in coordination capacity are hypothesized

to directly determine the superiority or inferiority of the resulting catalytic performance.
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Figure 5. Change of open-circuit potential in Di-Fe(VI) and Py-Fe(VI) processes (a);
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Decomposition of Fe(VI) in reaction solution with or without Di and Py (b); Cycle
voltammetry measurements of Fe(VI), Di-Fe(VI), and Py-Fe(VI) processes (c); EIS
measurements of Fe(VI), Di-Fe(VI), and Py-Fe(VI) processes (d); Gibbs free energy
pathway between Di and Fe(VI) (e), Py and Fe(VI) (f). Experiment conditions: pH =

9.0, [IQL]o = 10 uM, [Di]o = [Py]o = 40 uM, [Fe(VI)]o = 500 uM.

3.6. Structure Effects of Secondary Amine

The regulatory effects of seven structurally distinct secondary amines was
investigated in the Fe(VI)-mediated degradation of isoquinoline (IQL). The tested
amines included five linear secondary amines: dimethylamine (DMA), Di,
dibutylamine (DBA), diisopropylamine (DIPA), and N-ethylisopropylamine (EIPA),
along with two cyclic secondary amines, namely, Py and piperidine (PIP). Among the
linear amines, DMA, Di, and DBA possess straight-chain alkyl groups, whereas DIPA
and EIPA feature branched structures (Figure 6a). Results indicated that DMA, Di, DBA,
and Py enhanced Fe(VI)- mediated IQL degradation, with efficacy following the order:
Py > DMA > Di > DBA (Figure 6b). Notably, the cyclic amine Py exhibited superior
activation performance compared to linear amines, likely attributed to its rigid
molecular structure facilitating stable complexation with Fe(VI). Such coordination
may effectively stabilize reactive iron intermediates. In linear amine systems,
shortening the alkyl chain length improved activation efficiency, highlighting the
critical role of steric hindrance, with longer chains hindering optimal coordination.
However, DIPA, EIPA, and PIP inhibited degradation. This anomaly may arise from
unique steric effects imposed by their branched structures or electronic interference
with Fe(VI) redox processes.

Although preliminary comparisons between Di and Py showed a positive
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correlation trend between their coordination ability with Fe(VI) and IQL removal
efficiency, directly quantifying the coordination capabilities of various secondary
amines with Fe(VI) faces significant challenges. Coordination strength is influenced by
multiple factors, including solvent effects, steric hindrance, and dynamic reaction
conditions, which complicate precise measurement or quantitative estimation. >2. In
contrast, the HOMO energy levels (Enomo) calculated via quantum chemical methods
should offer a stable theoretical measure of the intrinsic electron-donating properties of
amines. Moreover, as discussed in Sections 3.4 and 3.5, there appears to be a theoretical
relationship between Enomo and coordination ability: higher Enomo values were
associated with weaker coordination. Based on this premise, we investigated the
correlation between IQL removal and Enomo values for seven secondary amines.
Quantum chemical calculations revealed a significant negative correlation between IQL
degradation and the Enomo levels (Figure 6¢, Figure S21). This finding suggests that
the electron-donating capacity of secondary amines inversely correlates with their
coordination ability. Effective Fe(VI) activation requires moderate electron-donating
capacity: excessive electron donation (high HOMO levels) may trigger over-reduction
of Fe(VI) to Fe(IT)/Fe(IlI), prematurely depleting its oxidative potential.

In summary, this study suggests that the electron-donating capacity of secondary
amines exhibits a negative correlation with Fe(VI) activation, thus providing theoretical
guidance for designing high-performance Fe(VI) activators, while also unveiling the
intricate relationships between ligand electronic properties and oxidant activation

mechanisms.
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Figure 6. Chemical stucture of DIPA, PIP, DBA, EIPA, and DMA (a); Degradation
efficiencies of IQL by Fe(VI) with and without secondary amines (b); Correlation
between the HOMO energy levels (Enomo) and IQL degradation rate (c); HOMO and
LUMO of Py, Di, DIPA, PIP, DBA, EIPA, and DMA (d). Experiment conditions: pH =

9.0, [IQLJo = 10 uM, [secondary amines]o = 40 uM, [Fe(VI)Jo =500 uM.

4. Environmental Implications

This study discusses the critical role of secondary amines in enhancing Fe(VI)-
based oxidation systems. By identifying Di and Py as high-performance activators
(degradation kinetics accelerated by ~2-fold and 7-fold compared to Fe(VI) alone,
respectively), the findings should enable reductions in Fe(VI) dosage and treatment
time, thereby minimizing secondary sludge generation and chemical costs. The
dominance of Fe(IV) over free radicals in pollutant degradation further reduces risks of
toxic byproduct formation (e.g., halogenated organic compounds), aligning with safer
water purification strategies. Importantly, the revealed negative correlation between the
HOMO energy levels of secondary amines and their activation efficiency provides a
molecular blueprint for designing eco-friendly amine ligands, guiding synthetic
chemistry toward non-toxic, electronically tunable alternatives. The iron-amine
complexation mechanism may also inspire low-carbon solutions that could convert

nitrogen-containing waste compounds into Fe(VI) activators. Furthermore, the amine-
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coordination-mediated extension of Fe(IV) lifetime enhances pollutant mineralization
efficiency, which is crucial for eliminating persistent micropollutants in aquatic
environments.

It should be emphasized that due to the structural complexity of secondary amines,
the impacts and underlying mechanisms of Fe(VI)-mediated pollutant degradation by
secondary amines containing additional functional groups (e.g., -COOH, -OH) remain
unclear. Further investigations into the fundamental mechanisms of introducing other
functional groups into Fe(VI)-based pollutant oxidation systems are essential. Such
studies will deepen the understanding of secondary amine-Fe(VI) interactions and
strengthen the theoretical foundation for designing highly efficient secondary amine-

based compounds to activate Fe(VI).
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