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ARTICLE INFO ABSTRACT

Keywords: Ionic liquids (ILs) are increasingly adopted in various applications, leading to their release into the water
Tonic liquid environment, where they pose potential threats to ecology in view of toxicities. In order to remove 1-n-Butyl-3-
Persulfate

Methylimidazolium (BMI) chloride, a well-known model IL, from water, urgent and crucial techniques are
Photocatalysis needed. Peroxydisulfate (PDS) activated by heterogeneous catalysts is useful for BMI degradation; nonetheless,
Sulfate radicals heterogeneously activated PDS has been utilized in very few studies. A Fe-based metal-organic framework, Fe-2-
ECOSAR aminobenzene-1,4-dicarboxylic acid (FeBDC-NH>), is suggested here for serving as an activator because of its Fe
sites, high surface areas, porosities, and visible-light responsive photocatalytic activity. The structure-property
relationship of FeBDC-NH; in PDS activation is compared to that of Fe-Benzene-1,4-dicarboxylic acid (FeBDC),
and both are found to activate PDS to degrade BMI. FeBDC-NH;, however, significantly accelerated BMI
degradation when exposed to visible light. Compared to activation energies reported by other oxidation ap-
proaches, the activation energy of BMI degradation is considerably lower. Through theoretical DFT calculations,
the mechanism and pathway of BMI degradation by FeBDC-NHy/PDS are examined. The eco-toxicities of BMI
degradation intermediates are researched to understand the impact of BMI degradation on the environment.
These analyses show that the toxicities of BMI are effectively reduced by FeBDC-NH-activated PDS under light
irradiation and that the final derivatives of BMI produced during the degradation process are non-harmful in
terms of both acute and chronic toxicities.

MOFs

1. Introduction components for various applications [1,2]. Nevertheless, due to rising

usage in a variety of processes, ILs have been discharged into aquatic

A novel class of molten salts categorized as “Ionic Liquids” (ILs) can environments [3], endangering ecology due to their toxicity [4].

exhibit fluid characteristics under normal circumstances and also show Therefore, developing practical methods for eliminating the ILs from
nearly minimal vapor pressure at room temperature. Consequently, ILs contaminated water is essential.

are increasingly used as green chemicals as well as functional Conventionally, imidazolium and pyridinium are the two main
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FeBDC-NH,

Fig. 1. Preparation scheme for FeBDC-NH.

classes of cations in ILs; imidazolium-bearing ILs, consisting of imida-
zolate and R4N™ groups, are even the most prevalent category among all
of these ILs [5,6]. In particular, 1-n-Butyl-3-Methylimidazolium (BMI) is
a widely-employed cation in ILs, making BMI a model IL [7-9]. There-
fore, it is crucial to develop effective techniques for removing BMI from
contaminated aquatic environments.

Even though several physiochemical methods [7,10] have been
investigated for the removal of BMI, oxidation appears to be the most
advantageous method since it would decompose BMI to lessen its
adverse effects [11]. For the degradation of BMI in water, a number of
oxidation methods, including various types of Fenton’s processes
[11-13], have been proposed. These procedures often require the
addition of hydrogen peroxide along with homogenous, non-recyclable

Intensity (a.u.)

catalysts (such as Fe2+), which makes them less practical. In order to
degrade BMI, it would be desirable to design heterogeneous catalytic
methods.

Due to the high oxidation potentials and reaction selectivities of the
sulfate radical (SO%), SO3 -based oxidation techniques have gained
increasing attention in recent years [14]. These SO -based oxidation
techniques can be used to detoxify BMI-contaminated water. Perox-
ydisulfate (PDS), which is industrially available, affordable, and easily
accessible, has been the most preferred and often used reagent for pro-
ducing SO3". Thus, employing PDS to eliminate BMI from water would
undoubtedly be promising. However, research on BMI degradation by
PDS-related mechanisms is quite limited. The most practical and effec-
tive method for activating PDS has been determined to be the use of
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Fig. 2. (a). A SEM image, (b). XRD patterns, (c-d). FTIR spectrum of FeBDC-NH,.
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Fig. 3. (a-c). XPS spectra of FeBDC-NHy; (d). N sorption and (e) pore size distribution of FeBDC-NH, (f). DRS spectrum of FeBDC-NHj,

heterogeneous catalysts [15-19]. For instance, Ding and his team
created Fe3O4 nanoparticles (NPs) to activate PDS for eliminating toxi-
cants from water [20]. Nevertheless, it has been demonstrated that NPs
can substantially agglomerate, particularly in aquatic phases, reducing
the reactive surfaces and activities [21].

In contrast to traditional iron NPs, this study would introduce using
Metal-Organic Frameworks (MOFs), a novel family of nanoscale het-
erogeneous metal-coordinated materials, to activate PDS. MOFs can
contain transition metals coordinating with organic ligands, and their
superior textural properties and versatility, enabling intriguing hetero-
geneous catalysts for a wide range of applications. As a result, Fe-
bearing MOFs are already investigated for their ability to catalyze oxi-
dants for the degradation of toxic contaminants [22]. Nonetheless, no
Fe-based MOFs have ever been employed for PDS activation to degrade
BMI; therefore, the purpose of this research is to study Fe-based MOFs
for PDS activation in order to eliminate BMI.

In this study, a Fe-based MOF composed of Fe and 2-aminobenzene-
1,4-dicarboxylic acid (BDC-NHj), forming FeBDC-NH,, was chosen
because FeBDC-NH, has a much higher surface area, porosity, and
structural stability than other types of Fe-based MOFs [23]. Further-
more, FeBDC-NHj; is functionalized with an amine group. By incorpo-
rating the -NHj; group, FeBDC-NH; possesses photo-catalytic properties,
especially under visible light [24], allowing FeBDC-NHj to be both a
chemical catalyst and a photocatalyst. By these dual functions, FeBDC-
NH, is expected to be a useful activator for PDS in BMI degradation.
Because almost no research is reported to look into the catalytic prop-
erties of FeBDC-NH; in PDS activation to eliminate BMI, this report is the
first research of Fe-based MOFs with NHj, to activate PDS for eliminating
BMI under visible light irradiation.

More importantly, a Fe-Benzene-1,4-dicarboxylic acid (FeBDC)
analogue without the amine group would be synthesized and directly
compared with FeBDC-NH; for comparisons to unravel the structur-
e—property relationship of FeBDC-NH; in PDS activation during BMI
degradation. Moreover, the corresponding decomposition process of
BMI using FeBDC-NH> + PDS with irradiation is investigated by analytic

studies and computational explorations. Besides, eco-toxicity evaluation
of possible intermediates would also be performed to examine the
variation of acute and chronic eco-toxicities along the process of BMI
degradation to investigate the environmental implication of BMI
degradation.

2. Experimental

The reagents utilized here were gained directly from reagent sup-
pliers. Fig. 1 depicts the solvothermal process used to synthesize FeBDC-
NH,. The preparation technique, BMI degradation by PDS, analytic
procedures, and computer-aided computing details are all included in
the supplemental material (SM).

3. Results and discussion
3.1. Physical and chemical properties of FeBDC-NH,

Firstly, the morphology of FeBDC-NH; was examined (Fig. 2(a)), and
it showed a hexagonal geometry that was compatible with the described
morphology of FeBDC-NHy in the literature [24], indicating that FeBDC-
NH; was successfully synthesized. Next, the XRD pattern of FeBDC-NH,
was also measured (Fig. 2(b)) and it was highly comparable to the re-
ported one in the literature [25], suggesting that the as-synthesized
FeBDC-NH; was well formulated and prepared. The infrared spectro-
scopic analysis of FeBDC-NHj, is shown in Fig. 2(c), which closely agreed
with the reported infrared spectrum of FeBDC-NH; with numerous
noteworthy bands [24]. Specifically, two separate bands formed from
BDC-NH, were detected at 1339 and 1625 cm™ !, which, respectively,
correspond to v (C-N) and ¢ (N-H) bonds. Besides, two other bands at
3378 and 3475 cm ! could be used for identifying the stretching modes
of the -NH, group [24].

Next, FeBDC-NHy would be then investigated using X-ray photo-
electron spectroscopy (XPS) (Fig. 3). Fe, C, N, and O were distinguished
in the survey of FeBDC-NHj (Fig. 3(a)). The XPS characterization
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Fig. 4. (a) Comparison of degradation of BMI and (b) corresponding rate constants of BMI degradation (Catalyst = 100 mg/L, PDS = 100 mg/L,T = 30 °C); (c) a

potential catalytic mechanism of FeBDC-NH; under visible light.

successfully verified that FeBDC-NH; contained both the amino group
and Fe site. Then, in Fig. 3(b), the Fe2p spectrum would be analyzed to
show a number of bands that originated from Fe3*, corroborating that
the Fe species had not changed in FeBDC-NHy, as the theoretical Fe
species of FeBDC-NH, or FeBDC would be Fe3* [26].

Deconvolution was also performed on the N1s (Fig. 3(c)), which
contained two different bands. The band at 399.3 eV, which would be
attributable to the N-C in FeBDC-NHj, and the band at 400.2 eV, which
would be ascribed to the N-H group in FeBDC-NH,, respectively,
confirm the amine functional group of FeBDC-NH,; [27-29].

In addition, the surface area of FeBDC-NH, was assessed, and the
volumetric No sorption is displayed in Fig. 3(d), which would be com-
parable to the IUPAC VI-typed isotherm, enabling it to exhibit a high
surface area of 1200 m?/g.

The FeBDC-NH; was then subjected to diffuse reflectance spectros-
copy (DRS) analysis, which should demonstrate photocatalytic activ-
ities, particularly visible-light sensitive photocatalytic activities. For
comparison, FeBDC was synthesized, and its image and XRD pattern
(Fig. S1 in the supplementary materials) matched those of previously
reported FeBDC; the DRS of FeBDC would be characterized (Fig. S2) to
exhibit the absorption spectrum ranging from 260 to 610 nm. In contrast
to the spectra of FeBDC, FeBDC-NH; absorbed a more extensive region
of light than FeBDC (Fig. 3(f)) from 260 to 810 nm. Furthermore, the
amine-functionalized organic ligand and the FesO structure of the
FeBDC-NHj; then contributed to the light absorption in the 310 to 800
nm region [30].
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Fig. 5. Effects of (a) catalyst dosage and (b) PDS dosage on BMI degradation and rate constants (Catalyst = 100 mg/L, PDS = 100 mg/L,T = 30 °C).

3.2. Degradation of BMI by PDS

BMI degradation was then examined using PDS activated by catalysts
(a) in Fig. 4. When FeBDC-NH; was exposed to visible light without the
addition of PDS, the degradation of BMI appeared to be extremely
minimal, while C;/Cp only reached 0.95 after 1 h. This implies that BMI
adsorption to FeBDC-NH, was negligible, and the photocatalytic
degradation of BMI by FeBDC-NH, was also insignificant. Next, when
PDS alone was used under light irradiation, BMI was barely degraded,
implying that PDS under visible light irradiation was ineffective and that
additional useful activation strategies for PDS were required. When
FeBDC-NH; was mixed with PDS without being exposed to light, the
variation of BMI was visibly lowered, and its C;/Cy reached 0.3 after 1 h.
Because FeBDC-NH; and PDS were impotent separately for degrading.

BMI even under light irradiation, this phenomenon suggests that
FeBDC-NH;, enabled the activation of PDS to potentially produce reac-
tive oxygen species (ROS) for degrading BMI even without light irradi-
ation because Fe>* is capable of catalyzing decomposition of PDS for
producing ROS via the following equations (Egs. (1)-(3)) [31]:

Fe’* @FeBDC-NH, + S,03 — Fe>*@FeBDC-NH, 4+ SO~ + SO3~ (1)

Fe3* can also further react with S0 to transfer back to Fe2 + as
follows:

Fe3* @FeBDC-NH, + S,03” — Fe**@FeBDC-NH, + S,0®~ @)

The resulting SO5 as well as other ROS can attack BMI and cause
degradation of BMI.

Furthermore, after visible light irradiation was applied, the combi-
nation of FeBDC-NH,, PDS, and light irradiation led to the rapid
degradation of BMI, resulting in the complete removal of BMI in 60 min.
This shows that the visible light irradiation increased PDS activation,
which in turn enhanced BMI degradation. The variation of total organic
carbon (TOC) of BMI degradation by FeBDC-NHjy-activated PDS with
and without light irradiation was also investigated in Fig. S3. In both
cases, TOC certainly decreased at the increasing reaction time, demon-
strating that BMI was certainly decomposed by FeBDC-NH,-activated
PDS. In addition, the light irradiation would also enhance the TOC
removal, validating that the light irradiation would enhance the
decomposition of BMI.

To better understand the mechanism, FeBDC (without the NHy
moiety) was also evaluated, and the combination of FeBDC and PDS also
caused significant BMI degradation; however, light irradiation hardly
improved the BMI degradation by FeBDC + PDS.

The pseudo 1st order equation would be then used to quantify
degradation rates under various conditions by the following equation to
quantitatively compare BMI degradation by these catalysts [32-36]:

C, = Coe™ 3)

where k is the “apparent” rate constant. Fig. 4(b) summarizes the rate
constants of various catalysts. Because PDS + light, FeBDC + light, and
FeBDC-NHj, + light all had very low k values, the combinations of FeBDC
and FeBDC-NH; with PDS all resulted in BMI degradation regardless of
visible light irradiation.

While both FeBDC-NH, and FeBDC activated PDS to degrade BMI,
visible light irradiation significantly increased BMI degradation by
FeBDC-NHj, rather than FeBDC. The k of BMI elimination by FeBDC +
PDS was 0.022 min !, which was marginally improved to 0.027 min~!
under light irradiation. Nonetheless, the k of BMI degradation by FeBDC-
NH; + PDS was 0.024 min~, which would significantly rise to 0.049
min~! under visible light irradiation, indicating that FeBDC-NH, would
be a more beneficial activator than FeBDC for PDS activation to elimi-
nate BMIL

When FeBDC-NH; alone was irradiated by visible light, the pseudo
first order rate constant was calculated as 0.002 min !, indicating that if
no oxidant (i.e., PDS) was used, the photocatalysis of BMI by FeBDC-NH,
itself was very marginal. On the other hand, when FeBDC-NH, was
combined with PDS (without light), the BMI degradation proceeded
much faster with a rate constant of 0.024 min*. This suggests that the
activated PDS would contribute considerably to BMI degradation,
whereas FeBDC-NHjy-activated PDS under light would lead to a rate
constant of 0.049 min~?!, demonstrating that photocatalysis by FeBDC-
NH, for additional activation of PDS seemed to also play an important
role. Because FeBDC-NHy contains the NHy group, this NHy; moiety
would absorb irradiation for transferring an electron from BDC-NH to
the iron-oxide group, converting Fe®' of FeBDC-NH, to Fe?* for acti-
vating PDS to create SO3™ [37] and accelerating BMI degradation. Thus,
the significantly accelerated BMI degradation by FeBDC-NHy-activated
PDS under light irradiation could be attributable to the two processes
indicated above in Fig. 4(c).

3.3. Influences of catalyst and PDS on BMI elimination

Although FeBDC-NHy combined with PDS efficiently eliminated
BM]I, it would be vital to study their distinct contributions to BMI
degradation. As a result, the effects of FeBDC-NH, and PDS concentra-
tions on BMI elimination would be examined. Fig. 5(a) shows BMI
elimination by FeBDC-NH, at various doses from 100 to 300 mg/L, and
FeBDC-NHj, at three dosages degraded BMI rather efficiently in 60 min.
This finding indicates that FeBDC-NH, with visible light has a very
strong catalytic activity to expedite PDS activation even at a low FeBDC-
NH; dosage of 100 mg/L, which would still activate PDS for complete
BMI degradation.

However, the elimination rates were clearly distinct with the various
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Fig. 6. Effects of various factors on BMI degradation by FeBDC-NH, + PDS under visible light: (a) temperature, (b) pH, (c) ions and (d),(e) corresponding rate

constants; (f) recyclability test.

catalyst dosages. When FeBDC-NH; was from 100 to 200 mg/L, the k
changed from 0.049 to 0.078 min ' and then to 0.134 min~' when
FeBDC-NH; was elevated to 300 mg/L. The result implies that a higher
FeBDC-NH; dose speeded up BMI elimination via increasing SO3 or
other ROS production from PDS with more reactive catalysts.

In addition, BMI elimination by PDS with different concentrations
would be examined in Fig. 5. (b). When PDS concentration increased
from 50 to 100 mg/L, BMI degradation improved significantly when k
rose from 0.036 to 0.049 min . As the PDS dose increased to 200 mg/L,
the degradation rate increased to 0.072 min L. These findings also show
that a higher PDS concentration accelerates BMI deterioration. None-
theless, in the case of PDS = 50 mg/L, BMI was not completely eradi-
cated since C;/Cy after 60 min was only 0.12. This indicates that the
lower PDS dosage resulted in insufficient BMI degradation, probably due
to insufficient SO~ or ROS produced from the lower amount of PDS.
These analyses also show that the level of BMI degradation was more

responsive to PDS doses because SO5~ was formed from PDS rather than
FeBDC-NH,. FeBDC-NHj, on the other hand, worked as an activator to
modulate the rates [38,39].

3.4. Influences of temperature and pH on BMI elimination

BMI degradation by FeBDC-NHjy-activated PDS at 30, 40, and 50 °C is
shown in Fig. 6(a). BMI was completely removed by FeBDC-NH,-acti-
vated PDS under visible light irradiation at all studied temperatures;
however, the elimination was more rapid at elevated temperatures. As
the reaction was from 30 to 40 and 50 °C, k rose significantly from 0.049
to 0.075 and 0.104 min~!, indicating that elevated temperatures
improved BMI elimination.

The k was further associated with temperatures by using the
following equation (Eq.(4)):
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Lnk = InA — E,/RT @

where Ea represents the activation energy (Ea, kJ mol!) of BMI
degradation.

A plot of 1/T vs. Ln i based on Eq. (4) is also given and the Ea was
calculated to be 31.5 kJ/mol. A previous study also observed the
degradation of BMI by Fe** employing a H202-based oxidation process,
resulting in a substantially larger Ea = 43.3 kJ/mol [40], validating that
FeBDC-NH2-activated PDS would be a more advantageous method.

In addition, as BMI degradation by FeBDC-NHjy-activated PDS
happened in aqueous solutions, the solution pH is a crucial factor. Fig. 6
(b) depicts the degradation of BMI by FeBDC-NHs-activated PDS at
various pH settings. At pH = 5, when the solution became slightly acidic,
the rate of BMI degradation remained comparable to that at pH = 7,
although the rate constant, k, fell to 0.039 min ! (Fig. 6(d)). At pH = 3,
when the solution became even more acidic, k reduced significantly to
0.07 min?, indicating that acid circumstances impeded BMI degrada-
tion by FeBDC-NHjs-activated PDS. This was possibly because PDS is
more stable under acidic circumstances [41]; hence, PDS was difficult to
activate, thereby inhibiting BMI degradation. In addition, FeBDC-NH;
would be more positive on its surface (Fig. S4); thus, the electrostatic
repulsion betwixt FeBDC-NH; and BMI grew stronger, hence preventing
PDS activation by FeBDC-NHa.

Besides, rig. 6(b) demonstrates that BMI degradation was significantly
altered in a moderately basic phase at pH = 9 and that the elimination
rate was slightly more rapid at 0.059 min~!. Possibly because the surface
charge of FeBDC-NH2 was slightly negative (Fig. S4), the electrostatic
attraction between the cationic BMI and FeBDC-NH2 grew greater,
facilitating the interaction of BMI with the surface of FeBDC-NH2 where
radicals were formed. However, after the pH reached 11, a highly

alkaline state, BMI degradation appeared to be inhibited with a corre-
sponding k = 0.011 min~!. This was likely because PDS is prone to
decomposing in basic phases with no generation of SO4°~ [42].
Consequently, little SO4°~ or other ROS would be available for BMI
degradation. In addition, the concentration of OH™ in an alkaline
environment negatively charged the surface of FeBDC-NH2, resulting in
a significantly stronger electrostatic repulsion between $208% and
FeBDC-NH2. According to these findings, the optimal operational
setting for BMI deterioration was a neutral or slightly alkaline
environment.

3.5. Effects of salts on BMI degradation

As wastewaters frequently contain other components, these compo-
nents would probably impact BMI elimination by PDS. Therefore, the
influences of a ubiquitous salt, NaCl, and three common salts (e.g.,
NaNOs, NaySO4, and NazPO4) on the elimination of BMI would be
explored. Fig. 6(c) depicts BMI degradation by FeBDC-NHjy-activated
PDS in the presence of NaCl; BMI degradation appeared to be marginally
impacted, as the degradation kinetics slowed to 0.042 min~! (Fig. 6(e)).
Because NaCl would be dissociated into sodium and chloride ions, the
chloride ion can react with SO3™ to form Cl°® and Cl3™, that have signif-
icantly smaller oxidation powers than SO3™ [43]. Moreover, when NO%
was subsequently injected, the BMI elimination was also insignificantly
influenced, as the k value reduced from 0.049 to 0.039 min~!. Similar
results are seen when SO~ is present, with the BMI degrading at a rate
of k = 0.035 min~'. These ions may have deposited on the surface of
FeBDC-NH; and interfered with the interactions between PDS and
FeBDC-NH,.

However, despite the fact that the presence of external ions may
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inhibit BMI degradation by FeBDC-NHj, BMI was still degraded suc-
cessfully after 60 min, suggesting that FeBDC-NHg-activated PDS with
light irradiation was a robust and effective approach for BMI
elimination.

3.6. The reusability of FeBDC-NH}, for activating PDS

It would be crucial for examining whether FeBDC-NH, was reusable
for activating PDS for consecutive BMI elimination when exposed to
light since FeBDC-NH; was proposed as a heterogeneous catalyst. Ac-
cording to Fig. 6(f), PDS activated by spent FeBDC-NH, could totally
eliminate BMI after 60 min throughout several cycles, demonstrating
that FeBDC-NH,, even without regeneration, would still be robust and
useful for activating PDS to destroy BMI when exposed to light.

To further examine if Fe would be released from FeBDC-NH,, after the

reusability test, the iron concentration from the multiple BMI elimina-
tion tests was determined as 0.003 mg/L using Inductively coupled
plasma mass spectrometry. This confirmed that FeBDC-NH, would be
robust as the amount of Fe released from FeBDC-NH; would be signifi-
cantly smaller than the dose of FeBDC-NH; (e.g., 100 mg/L).

3.7. Degradation mechanism by FeBDC-NH5 + PDS

A series of probe agents would then be examined to gain more
knowledge of the ROS involved in BMI degradation. Tert-butanol (TBA)
is used as a probe for *OH, whereas methanol can be used to detect SO~
and *OH. When TBA was added, BMI degradation proceeded more
slowly, and the rate constant decreased from 0.049 to 0.021 min *
(Fig. 7(a-b))), indicating that *OH may exist and contribute to BMI
degradation. When methanol was used, the BMI degradation appeared
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Fig. 9. DFT calculation for BMI: (a) electrostatic potential (ESP), (b) the optimized molecule structure; (¢) HOMO; (d) LUMO; and (e) condensed Fukui index
distribution for electrophilic attack (f?), (f) radical attack (), and (g) nucleophilic attack (f"); Fukui indices.

severely inhibited, as its k was only 0.006 min~?, indicating that both
SO% and °*OH may co-exist during BMI degradation. In addition, a sec-
ond probe agent, benzoquinone (BQ), was utilized to determine the
presence of superoxide (03). Fig. 7(a) demonstrates that the presence of
BQ caused BMI degradation to proceed much more slowly, with a k =
0.034 min !, possibly indicating that O3 may also be produced during
BMI degradation. In addition, another probe agent, NaN3, was used to
investigate the presence of the non-radical species, singlet oxygen (105),
and the introduction of NaNg3 also slowed BMI degradation with a k =
0.013 min~?, indicating that 105 also possibly occurred from FeBDC-
NHj-activated PDS under light irradiation during BMI degradation, and
was involved in the non-radical pathway of degradation.

To determine reactive oxygen species (ROS), the existences of SO~
and *OH were analyzed using 2-HTPA and p-BQ, separately [44]. Ana-
lytic details are summarized in the supplementary materials. Fig. 5(a)
demonstrates that the presence of 2-HTPA and p-BQ confirmed the
presence of SO5” and *OH, and the amounts of SO3~ and *OH rose as the
reaction time progressed. Nonetheless, the fraction of SO5™ appeared to
be significantly higher than that of *OH, and this phenomenon was

consistent with the previous assertion that SO~ may be the principal
species responsible for BMI degradation.

Furfuryl alcohol (FFA), which would react with 10,, could be used as
a probe to detect the presence of ‘0, instead. The presence of 10, has
been linked to the consumption of FFA. As shown in Fig. 7(d), PDS alone
under light irradiation did not result in as much FFA consumption as did
FeBDC-NHjy-activated PDS under light irradiation; therefore, the role of
FeBDC-NH, in activating PDS to generate 'O, was positively deter-
mined. In general, PDS could be hydrolyzed to produce '0,, but the
produced 10, was insufficient and ineffective for degrading BMI In
contrast, the presence of FeBDC-NH would effectively activate PDS to
generate 10, for efficient BMI degradation.

Electron spin resonance (ESR) analysis would be acquired using 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethylpiperi-
dine (TMP) as spin-trapping agents to determine the actual species of
ROS from FeBDC-NH; activated PDS under light irradiation during BMI
degradation. Fig. 8(a) demonstrates that no discernible pattern was
observed when DMPO was added in the absence of FeBDC-NH». None-
theless, FeBDC-NH,, and PDS under light irradiation with DMPO, a
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Fig. 10. A proposed degradation process of BMI by FeBDC-NH; + PDS + light based on the detected intermediates.

distinct pattern was observed and attributed to DMPO-SO4 and DMPO-
OH, as shown in Fig. 7(a). This demonstrates that SO3and *OH were
both present in the system of FeBDC-NHj-activated PDS under light
irradiation, contributing to the degradation of BMIL

In contrast, when TMP was adopted, insignificant detectable signals
would be observed in the case of TMP and PDS. Once TMP, PDS, and
FeBDC-NH; were introduced simultaneously; however, a special triplet
pattern was observed and attributed to TMP-'0,, proving that 0,
existed and contributed to BMI degradation via the non-radical
pathway.

The same experiment was repeated in methanol to determine if su-
peroxide, O3, would be generated from FeBDC-NH; activated PDS upon
exposure to light. When DMPO and PDS were dissolved in methanol,
essentially no signal was seen; however, when DMPO, PDS, and FeBDC-
NH; were irradiated with light, a significant signal was obtained (Fig. 8
(b)). Nonetheless, the signal was interpreted as DMPO-X due to the
oxidation of DMPO instead of O3, suggesting that O3~ was not present
in significant amounts during BMI degradation.

In addition, O3~ has been mentioned and may originate from PDS to
partake in degradation [45]. To determine the presence of O3, nitro
blue tetrazolium (NBT) would be then selected as a probe because it
possesses an ultraviolet absorption band at 260 nm, which could
transform to a conventional formazan at 529 nm upon oxidation by O3~
[46]. Fig. 8(d) depicts a set of spectra at various reaction times; over 1 h,
no noticeable band of formazan at 529 nm, indicating that O3~ was
negligible. The relatively ineffective BMI elimination by the addition of
BQ in the preceding section may be attributable to the fact that BQ can
utilize more MPS without generating useful ROS [47] and also impede
the approach of PDS to the surface of FeBDC-NHj [48].

These analyses additionally proved that BMI degradation by FeBDC-

10

NHj-activated PDS under light irradiation was unquestionably associ-
ated with multiple reactive oxygen species (ROS) (e.g., SO%, *OH, 1oy
as depicted in Fig. 8(e).

3.8. Degradation pathway of BMI by FeBDC-NH, activated PDS

Since BMI was successfully eliminated by FeBDC-NHj-activated PDS,
it would be worthwhile to investigate the degradation pathway of BMI.
Here, the molecular orbitals (MOs) and Fukui indices were obtained
from the density functional theory (DFT) calculation to provide insights
into the potential reactive sites of BMI. At first glance, the electrostatic
potential (ESP) map of BMI (Fig. 9(a)) reveals that areas near the
imidazole ring of BMI are prone to withdrawing the attack from ROS.
Next, the DFT-optimized structure of BMI is shown in Fig. 9(b), featuring
atomic and numerical labeling. Fig. 9(c) displays its most highly occu-
pied MO (HOMO), while Fig. 9(d) displays its most highly unoccupied
MO (LUMO). The electron-poor and electron-rich regions of BMI are
depicted by blue and orange balloons, respectively. In particular, BMI is
vulnerable to electrophilic ROS such as *OH because its HOMO on the
imidazolate moiety is prone to losing electrons.

The distributions of the f 7, f 0, and f * are shown in Fig. 9(f), (g), and
(h), separately, along with the Fukui indices of BMI that were also
calculated. A large Fukui index value often indicates that an atom is
more likely to be the target of attacks. Because a site with a high f~ value
might more likely attract electrophilic attacks, C6, which has the highest
f~, would be the most vulnerable target. Additionally, C2, C3, and other
atoms showed larger f ~ values; as a result, these sites are vulnerable to
attacks at the start of BMI decomposition. One of the strongest electro-
philic species is 10y, and both SO§ and *OH are thought to exhibit
electrophilic characteristics. As a result, the HOMO found at these BMI
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Fig. 11. Estimated aquatic toxicities of BMI and its degradation intermediates: (a) acute toxicity and (b) chronic toxicity.

locations appeared to be susceptible to electrophilic attacks from these
ROS.

In addition, the f° indices that can be used to identify atoms that are
likely to be attacked by radicals are shown in Fig. 9(e) and (g). Maximum
probability of receiving radical attacks is highest for C2, followed by C6
and C3. These studies suggest that assaults on the imidazolate ring at C6,
C2, and C3 could be the starting point for BMI decomposition.

Mass spectrometry analysis of the decomposition of BMI by FeBDC-
NH2 activated PDS under light irradiation is shown in Fig. S5, and a
summary of the identified intermediates is provided in Table S1. Given
these molecules and results from computer investigations, Fig. 10 de-
picts a potential decomposition pathway for BMI by FeBDC-NH; acti-
vated PDS in the presence of light.

Initially, the imidazole ring of BMI might receive attacks at the po-
sitions of C6 or C3 to undergo a ring-opening reaction, affording an
intermediate, P1, which would then evolve into P2. With additional
attacks, the secondary amine group of P2 might be eliminated to pro-
duce P3, which would be further oxidized to degrade its alkyl chain to
generate P4. On the other hand, after receiving the ring-opening reac-
tion, BMI could be also decomposed to generate P5, which would be

11

further degraded to eliminate the secondary amine group for producing
P6. Next, P6 would be then oxidized to remove the ethanol group or
decompose the alkyl chain to produce P7 and P8, respectively. Simul-
taneously, the intermediate P5 might be decomposed to eliminate its
ethanol group to generate P9, which would be then oxidized to degrade
its alkyl chain, affording P10. Through continuous attacks, P10 would be
then decomposed to afford P11 and P12. Alternatively, P9 might be also
oxidized and decomposed to afford P8. According to these in-
termediates, the overall BMI degradation process can be then illustrated
via three routes: the route A, B, and C as indicated in Fig. 10.

3.9. Eco-toxicity evaluation of BMI degradation intermediates

In view of the degradation pathway of BMI by FeBDC-NH,, activated
PDS under light irradiation, it was also crucial to evaluate the eco-
toxicity of intermediates generated from BMI degradation especially
for aquatic life. Herein, The Ecological Structure Activity Relationships
(ECOSAR) Class Program from the United States Environmental Pro-
tection Agency was adopted to evaluate acute and chronic toxicities of
these intermediates towards fish, daphnid and green algae. Based on the
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Globally Harmonized System of Classification and Labelling of Chem-
icals (Table S2), the data of LCs0/EC50/ChV of these intermediates from
the ECOSAR could be then categorized into the four levels of toxicity (i.
e., very toxic, toxic, harmful and non-harmful). Fig. 11(a) displays
values of Log LCs0/ECsg of these intermediates on the three degradation
routes. In the case of the route A, the acute toxicity of BMI was actually
notable as it was classified to be “Toxic”. Once BMI was degraded to P1,
the corresponding toxicity has been considerably reduced to be “non-
harmful” and “harmful”. After P1 was further decomposed to become
P2, P3, and P4, the toxicities of these compounds have been tremen-
dously decreased, making these intermediates “non-harmful”. In the
case of the route B, after BMI is oxidized to produce P5, its corre-
sponding toxicity has been substantially decreased to be non-harmful.
The derivatives of P5 into P6, P7, and P8 are also found to be “non-
harmful” with insignificant acute toxicities. Moreover, in the case of the
route C, after BMI is decomposed into P5, the derivatives of P5 into P9,
P10, and P11, are also found to exhibit very low acute toxicities, making
these intermediates as ‘“non-harmful” compounds. These analyses
demonstrate that the degradation of BMI by FeBDC-NH; activated-PDS
under light irradiation would successfully and effectively reduce toxic-
ities of BMI and the derivatives of BMI along the degradation process are
non-harmful in terms of acute toxicities.

Fig. 11(b) displays values of Log ChV, the chronic toxicity, of these
intermediates on the three degradation routes. In the case of the route A,
the chronic toxicity of BMI is also significant as it can be classified to be
“Toxic”. Once BMI was degraded to P1, the corresponding chronic
toxicity has been considerably reduced to be “harmful”. After P1 was
further decomposed to become P2, its chronic toxicity has been slightly
decreased, making these intermediates “harmful” and “non-harmful”.
However, after P2 was further decomposed to become P3 and P4, the
chronic toxicities of these compounds have been tremendously
decreased, making these intermediates “non-harmful”.

In the case of the route B, after BMI is oxidized to produce P5, its
corresponding toxicity has been substantially decreased to be non-
harmful. The derivatives of P5 into P6, P7, and P8 are also found to
be “non-harmful” with insignificant chronic toxicities. Moreover, in the
case of the route C, after BMI is decomposed into P5, the derivatives of
P5 into P9 is found to exhibit slightly-increased toxicity but the de-
rivatives of P9 into P10, P11 and P12 exhibit very low chronic toxicities,
making these intermediates as “non-harmful” compounds. These ana-
lyses demonstrate that the degradation of BMI by FeBDC-NH;, activated
PDS under light irradiation would successfully and effectively reduce
toxicities of BMI and the final derivatives of BMI along the degradation
process are non-harmful in terms of both acute and chronic toxicities.

4. Conclusions

While both FeBDC and FeBDC-NH;, can activate PDS to degrade BMI,
FeBDC-NHj can lead to a considerable enhancement in BMI degradation
under visible light irradiation. The activation energy of BMI degradation
as 30.7 kJ/mol is also significantly lower than the reported values by
other oxidation approaches. Here, we use theoretical DFT calculations to
explore the activation mechanism and degradation pathway of BMI
degradation by FeBDC-NH,/PDS. The corresponding acute and chronic
eco-toxicities of degradation intermediates of BMI are also studied to
realize the degradation implication of BMI. These analyses demonstrate
that the degradation of BMI by FeBDC-NH; activated PDS under light
irradiation would successfully and effectively reduce toxicities of BMI
and the final derivatives of BMI along the degradation process are non-
harmful in terms of both acute and chronic toxicities.
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