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An advanced oxidation heterogeneous process completely degrades 4-nitrophenol in weak acid ambient aqueous
conditions using post-synthetically iron-doped nickel azolate frameworks. The framework crystallinity, porosity
and reactivity of the redox-active iron (II/III) sites, hydroxyl anions and radicals upon HyO, pretreatment are
discussed based on spectroscopic analysis of the reaction mixture and pretreated MOF.

1. Introduction

Anthropogenic activity leads to the presence of organic pollutants in
water, such as nitrophenols, which are toxic and limit the number of
potable water due to their notable presence in the water reservoir [1].
Indeed, nitroaromatics such as the common p-nitrophenol pollutant,
exhibit significant solubility in water and thus important environmental
impact [2]. Therefore multiple methods are proposed for its elimination
such as distillation, adsorption, biodegradation, chemical oxidation,
electrochemical oxidation, enzymatic treatment, and membrane tech-
nology [3]. Among them, catalytic/chemical oxidation methods such as
the Fenton reaction, where Fe?* catalyzes the decomposition of HyO; to
produce hydroxyl radicals (OH) are the most effective and relatively
cheap [4]. However, the low cycle efficiency of Fe(II)/Fe(IIl), the nar-
row pH range, and the generation of iron sludge are among the most
common drawbacks. In Scheme 1 we summarize, on the one hand, the
reduction of Fe(Ill) to Fe(II) by Hy0,, resulting in protons and reactive
oxygen species (ROS), such as HO3 and O5. On the other hand, the Fe(II)
sites can split hydrogen peroxide into the desired OH- radicals, which
are highly reactive in the Fenton oxidation of organics (into CO5 and
H2O0 for the total oxidation/degradation).

The design of bioinspired iron-containing peroxidase-like chemo
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catalysts is highly desired [5], given the efficiency of hemo-based en-
zymes in the degradation of phenyl-containing contaminants into less
toxic intermediates, such as small acids, CO, and H,O [6]. However, the
narrow range of temperature, pH, and organics that biocatalysts can
withstand before deactivating, encourages the development of robust
heterogeneous catalysts. To stabilize the active site, as well as to facil-
itate the recycling and recovery of the iron sites, heterogeneous catalysts
have been proposed for the Fenton reaction [7]. On the one hand, zeo-
lites with iron sites were active in the removal of phenol at relatively
mild temperatures of 70 °C and an acidic pH [8]. On the other hand,
metal-organic frameworks (MOFs) have recently gained attention as
heterogeneous catalysts due to the high dispersion and isolation of the
metal sites, e.g. Fe(Il[)/(II), and the optimal hydrophilicity and dis-
persibility of the heterogeneous catalyst in water solutions [9,10].
This fact allows its application as heterogeneous catalysts to generate
considerable density of ("OH) active sites able to interact with the
organic pollutant of the water, promoting their degradation [11]. Ter-
ephthalic (1,4-benzene dicarboxylic acid) and/or trimesic (1,3,5-ben-
zene tricarboxylic acid) carboxylate-based MOFs, such as MIL-53, MIL-
88B, MIL-100, MIL-101, are almost exclusively employed. In this case,
relatively bulky phenol-like substrates and peroxide oxidant species
reach the active sites situated at both external and internal active sites
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Scheme 1. H,0, decomposition into protons and superoxide ions (at the Fe
(IID), red at the top right part), or hydroxyl radicals and anions (at the Fe(Il),
blue at the bottom left part).

Inorganic Chemistry Communications 166 (2024) 112671

within the MOF porous crystalline nanoparticles. Although relevant
catalytic performance has been demonstrated for these systems under
mild oxidation conditions (e.g. complete oxidation at room temperature
pH = 4 and 30 min of reaction) [12], there may be some drawbacks that
could limit their practical application in the environmental remediation
of wastewater. On the one hand, the weakness of Fe(Il/IlI)-carboxylate
bonds compromises the MOF structure (with respect to robust chromium
terephthalates), often resulting in iron dissolution and/or the formation
of iron oxide MOF-derived species [13]. On the other hand, using stoi-
chiometric amounts of metal results in a large proportion of those sites
(located at inner parts of the crystal) not available to reaction substrates.
Thus, new design approaches of MOF nanomaterials containing catalytic
amounts of isolated iron sites grafted to the linkers through strong co-
ordination bonds are needed.

Herein we take advantage of the well-isolated Fe(III/II) sites in a
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Fig. 1. Top: Schematic representation of the post-synthetic modification of NiBDP@K by ion exchange with Fe(ClO4), to produce NiBDP@Fe and subsequent
pretreatment in H,O, to generate NiBDP@Fe-p. For simplicity, only the SBU is shown. Ni (green); K (violet); Fe (orange); N (blue); O (red), H (yellow). Bottom: Iron
2p (a), oxygen 1s (b) XPS signals, FTIR (c) and UV (d) characterization of the Fe(III/II)-OH-like species in NiBDP@Fe before and after the H,O, pretreatment
(NiBDP@Fe-p). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



N. Martin et al.

recently reported NiBDP@Fe bimetallic pyrazolate framework obtained
from the postsynthetic modification of NiBDP@K (where HoBDP = 1,4-
bis(pyrazol-4-yl), see top part of Fig. 1) [14,15], as Fenton-like catalyst
for the activation of HoO2 and degradation of p-nitrophenol under mild
conditions.

2. Results and discussion

In the first place, the pre- (NiBDP@K) and post-synthetic ion-
exchanged MOF (NiBDP@Fe) structure, composition, and stability were
determined. The similar XRD patterns for both pre- and post-
synthetically iron-doped pyrazolates indicate the preservation of the
crystalline structure (see Fig. Sla at the ESI). A slight decrease in
porosity upon Fe-exchange (see Fig. S1b at the ESI), mirrored by the
decrease of specific surface area from 1380 m?g~! for NiBDP@K to 950
m2.g~! for NIBDP@Fe suggests the presence of oxidized Fe(ClO4)3
occluded in the pores. Thermogravimetric analysis indicates similar
thermal stability of both MOFs (see Fig. S1c at the ESI), while the higher
amount of volatile components in NiBDP@Fe might be related to the
occluded chlorine-containing species combusted during the analysis.
According to ICP-OES analysis the Ni:Fe ratio of the final NiBDP@Fe
material was 2.7:1, containing minimum amounts of K (Ni:K ratio =
94:1) indicating a successful exchange of the extra-framework potas-
sium ions by iron ions at the NiBDP@Fe.

The oxidation state of iron in the NiBDP@Fe was confirmed by X-ray
photoelectron spectroscopy (XPS). The position of the Fe 2p;,, and Fe
2ps3,2 bands at 725 and 712 eV, respectively, are ascribed to Fe(III) (refer
to Fig. 1a). The iron signal of the HyO, (50 %wt) pretreated material
(labeled as NiBDP@Fe-p) shows peaks shifted towards lower BE than the
parent one (723.2 vs 725.5 eV and 709.7 vs 712.2 eV, for the Fe 2py 2
and Fe 2p3 o, respectively). This is probably due to charge donation from
the coordinated HyO5 and derived ROS to the iron atoms, thus increasing
the electron density at metal sites located at the surface. After decon-
volution of the Fe 2p3 5 signal in the H,O5 pretreated MOF, one can find
evidence of the presence of Fe(II) on the NiBDP@Fe due to a Fenton type
reaction (see Scheme 1), as described for other Fe(III) MOFs [11-13].
The oxygen signal of the XPS in the pretreated material has new
shoulders at 530.0 eV and 532.8 eV (refer to Fig. 1b), which are shifted
ca. 1 eV with respect to the deconvoluted signal of the O 1s peak from
the as-prepared MOF (530.7 and 532.1 eV). The broader shoulder at a
higher binding energy of 532.8 eV has been attributed to surface
peroxide groups (—0%") or absorbed Hy0 on the MOF surface [16].

FTIR further confirms a significant absorption at ca. 3100-3200
em™! in the case of the HyO, pretreated NiBDP@Fe-p sample (see
Fig. 1c), suggesting the presence of —OH terminated reactive oxygen
species, most likely Fe—OH/OH; from the decomposed H20,, as re-
ported previously in the literature [17]. The appearance of new shoul-
ders at 1680, 1630 and 1530 cm™ ! can be ascribed to the formation of
loosely coordinated iron (super)oxide species within the material upon
oxidation with Hy0,. Moreover, the presence of such iron-hydroxyl
species upon Hy05 peroxide decomposition in the NiBDP@Fe SBUs is
also observed at the UV-Vis spectra (Fig. 1d). Two characteristic ab-
sorption peaks were observed at around 250 and 310 nm, which have
been assigned to absorption induced by ligand-to-metal charge transfer
from O(II) to Fe(IIl) [18], further confirming the XPS shifts toward lower
BEs of the iron signals. In addition to the band at ca. 250 nm (probably
attributed to Fe>*), a new band around 310 nm appears in the iron MOF
after the HyO5 treatment, which has been assigned to hydroxylated iron
species, e.g. Fe(OH)?" and Fe(OH)3, further confirming the formation of
hydroxyl anions/radicals at the iron sites [19].

After preparing and characterizing the NiBDP@Fe and NiBDP@Fe-p,
their chemical reactivity toward p-nitrophenol (abbreviated here as
PNP) at room temperature in an aqueous solution of H,O5 was investi-
gated. Given the acidic nature of the phenol group present in PNP (pKa
= 7), a slight increase in the pH will lead to the deprotonation of PNP
(with maximum absorption at 318 nm) into the corresponding p-
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nitrophenolate anion, named here as PNPT (with maximum absorption
at 400 nm) [20]. In our hands, PNP deprotonation was faster in the
presence of the NiBDP@Fe MOF, since the absorbance of PNP decreases
50 % in the presence of the MOF concerning the 40 % decrease in the
absence of the MOF (refer to Fig. S3 in the ESI). Although the MOF
promotes the generation of hydroxyl-related species, the density of ROS
at neutral/basic pH is not sufficient for the oxidation of PNP. Both
decreasing the pH (see Fig. 2a) and increasing threefold the concentra-
tion of HyO3 (see Fig. 2b) favors the degradation of PNP.

Decreasing the pH from ca. 7 to ca. 4, diminishes the protonated PNP
absorption by 26 % and the deprotonated PNPT by 77 % (see Fig. 2a).
This could be attributed to both the slower HoO, decomposition into
H,0 and O, as well as the higher density of -OH produced under acid
conditions. Therefore, the increase in the [H202] goes in line with that of
[OH] and the amount of PNP that is degraded by such ROS (see Fig. 2b).
The best results are obtained for the increase of [HyO3] = 353 mM and
pH decrease to 4. Under such conditions, PNP is quantitatively oxidized
after a few minutes of reaction in contrast to longer times required with
carboxylate-based Fe-MOFs [12].

Given the key role of the HyO, pretreatment of the parent MOF in the
generation of Fe-OH species and Fe(II) Fenton active sites, we have
compared the performance of the parent NiBDP@Fe MOF with the
pretreated one (NiBDP@Fe-p) in the degradation of PNP at pH = 4 and
[H202] = 176 mM and using 2 mg of catalyst (see Fig. S4 and Table S1).
We have not employed higher MOF and/or H,O5 concentrations to
avoid complete oxidation which will prevent us from fairly accounting
for the HyO4 pretreatment effect on the activity. Indeed, the pretreated
NiBDP@Fe-p can oxidize 62 % of the PNP in the aqueous sample at 30 °C
(see Table S1 and calibration lines for PNP and PNPT in Fig. S12). In
contrast, only 42 % of PNP is converted under similar reaction condi-
tions using NiBDP@Fe. The better performance of NiBDP@Fe-p is
attributed to the presence of a higher proportion of Fe(II)/Fe(III) at the
beginning of the reaction, in contrast to the required (and slower) HyO2
promoted Fe(IlI) reduction (Fenton reaction step). Indeed, a control
experiment using the homogeneous Fe(Il) or Fe(Ill) perchlorate pre-
cursor indicates the higher activity of the +2 iron sites due to the
disappearance of the PNP band (see Fig. S5a). A summary of the phys-
icochemical properties of the MOF and catalytic performance can be
found in Table 1.

Finally, we have compared the performance of the MOF before
(NiBDP@K-p) and after (NiBDP@Fe-p) the iron exchange, both of them
pretreated with H,O, prior to the contact with the aqueous solution of
PNP. Under the optimal reaction conditions (pH = 4, 30 °C, 353 mM
H,0,, and 5 mg of catalyst) the conversion of p-nitrophenol is complete
after 5 min in the presence of the NiBDP@Fe-p (refer to Fig. S6). In
contrast, the PNP absorbance at its maximum wavelength decreases only
20 % and 14 % (corresponding to its conversion value) in the case of
NiBDP@K-p and the blank reaction (in the absence of any MOF),
respectively. The low catalytic PNP oxidation activity of NiBDP@K-p
with respect to the NiBDP@Fe-p is due to the rapid H,O5 decomposi-
tion into dioxygen gas and water at the Ni(II) sites [14], instead of the
desired aqueous H20; activation into ROS at the Fe(II)/Fe(III) sites. To
support the generation of ROS at the NiBDP@Fe-p we have carried out
the PNP oxidation in the presence of one equivalent of p-benzoquinone
as a radical scavenger, which quenched the ROS formed, resulting in no
PNP degradation (see Fig. S5b).

The phenol degradation rate with the nickel/iron azolate (100 %
conversion after 5 min) is higher than that reported for iron-carboxylate
MOFs, i.e. MIL-88B-Fe, (100 % conversion after 30 min) under similar
reaction conditions (20 °C, pH = 4) and iron:phenol ratio [12]. More-
over, the HPLC analysis of the reaction mixture is shown in Fig. S7.
While the PNP peak at a retention time of 15.6 min still appears in the
case of using NiBDP@XK, this peak is absent when performing the reac-
tion with NiBDP@Fe. To check the resistance of the metal-organic
framework under the reaction conditions, we performed the XRD of the
recovered material (see Fig. 3). Both the fresh and spent materials
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Fig. 2. Oxidation of 1 mL of an aqueous solution of p-nitrophenol (0.3 mM) at 30 °C and different pHs with constant [H;0,] = 176 mM (a) or at pH 4 and different

[H20,] (b) in the presence of 5 mg of NiBDP@Fe.

Table 1
Catalytic performance of NiBDP@Fe in the PNP (0.3 mM) degradation at pH = 4
and 30 °C.

Sample Metal Reaction conditions PNP degraded/
composition %
Blank - 353 mM H,0,, 60 min 14
NiBDP@K-p Ni(ID)/K(1) 353 mM H30,, 5 mg MOF, 20
60 min
NiBDP@Fe Fe(III)/Ni(II) 176 mM H;0,, 2 mg MOF, 42
15 min
NiBDP@Fe- Fe(III)/Fe(II)/Ni 176 mM H,0,, 2 mg MOF, 64
P (In 15 min
NiBDP@Fe- Fe(III)/ Fe(1I)/Ni 353 mM H30,, 5 mg MOF, >99%
P () 60 min

2 After three recycles.

exhibit similar patterns for NiBDP@Fe-p and NiBDP@K-p materials,

indicating the adequate stability of the MOF under the reaction
conditions. However, the specific surface area decreases from 950
rn2~g’1 for NiBDP@Fe to 250 m2~g’1 for NiBDP@Fe-p (see Fig. S8).
Moreover, the best-performant NiBDP@Fe-p was recovered and reused
three times without apparent iron leaching (according to ICP) and no
decrease in PNP conversion after 1 h (Fig. S9).

Given the experimental results and literature precedents [11-14], we
propose a tentative mechanism based, first on the coordination of H,Oy
with Lewis base character to the Fe(III) Lewis acid sites present in the
MOF and the subsequent electro-donation between Hy02 and the MOF:

NiBDP-Fe(IlI) + Hy05 — NiBDP-Fe(III)-H50,.

a)

This has been corroborated by the Fe-OH signals shown in the FTIR
and UV, as well as the Fe 2p and O 1s XPS shifts of the NiBDP@Fe-p with
respect to NiBDP@Fe, indicating the partial reduction of some Fe(III) to
Fe(II) as indicated in the Fe2ps/ signal of the HyO, pretreated MOF:

NiBDP-Fe(IIl)-H,0, — NiBDP-Fe(Il) + HO3 + H™.

Finally, the generated HO- species at the surface of the MOF, or bulk
solution will react with PNP, eventually oxidizing it to CO5 and water
(see right part of Scheme 1), as observed by the disappearance of the
UV-Vis bands at 318 and 400 nm (see Figs. S2-S6), as well as the HPLC
peak of the PNP substrate (see Fig. S7). The recovery of the Fe(Ill) sites
by oxidation with HyO4 can be proposed as:

NiBDP-Fe(Il) + H202 — NiBDP-Fe(III) + HO" + OH".

3. Conclusions

The combination of iron-doped MOFs with hydrogen peroxide can
rapidly remove pollutants (such as p-nitrophenol) from weak acidic
room-temperature aqueous conditions. The catalyst design consists of a
post-synthetic iron exchange of some of the Ni ions at the framework,
together with an HyO4 pre-treatment of the sample to increase the Fe
(II)/Fe(I1I) proportion and initiate the Fenton reaction between Fe(II)
and Hy0,. The resulting NiBDP@Fe-p material presents active Fe(II)
sites, as well as hydroxyl anions and radicals at the MOF SBUs, according
to the spectroscopic characterization of either the sample or the reaction
mixture. The MOF maintains its crystalline structure and activity after
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Fig. 3. XRD patterns before (red line) and after reaction for both H,O, pretreated (black line) and non-pretreated (blue line) NiBDP@K (a) and NiBDP@Fe (b)
materials. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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several reaction cycles, behaving as a heterogeneous catalyst for the
Fenton reaction and p-nitrophenol oxidation. This design and unravel-
ing of active sites as well as the proposal of a reaction mechanism will
surely pave the way to other advanced oxidation processes for sustain-
able pollutant abatement, synthesis of value-added products, and
energy-related compounds.
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