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Metal-organic frameworks (MOFs) are potential catalysts for persulfate exciting in antibiotic wastewater treat-
ment while are limited in large-scale application given their powder state. Herein, benefiting from the
compatibility and functionalization of natural wood supports, MIL-100(Fe) decorated wood aerogel composites

ig;zlfate (MIL-100(Fe)/WA) were constructed by chemical treatment and in-situ solvothermal synthesis. NapSO3/NaOH-
Antibiotic Hy0, chemical treatment could effectively achieve the partial removal of lignification and hemicellulose in

wood, resulting in improved porous characteristics. The corresponding porosity and surface area of WA increased
by more than 40% compared with the original wood. Accordingly, after immobilizing MIL-100(Fe) on the
microchannels in WA, MIL-100(Fe)/WA-PDS system could efficiently degrade tetracycline (TC), with a satisfied
mineralization rate of 64.01% owing to the open porous structure of WA with high accessibility, and its kinetic
constant (0.0520 L~mg’1‘min’1) was 6.19 times that of MIL-100(Fe)/wood (0.0084). Quenching results and EPR
analysis made clear that TC degradation mainly contributed to the produced 03, 10, and surface-bound radicals
(SO%, "OH). LC-MS further uncovered the possible degradative pathways for TC. Moreover, it was found that
MIL-100(Fe)/WA could behave well at pH of 2-10 and towards multiple antibiotics. This work may provide a

facial way to apply MOFs-based/wood composites in water treatment.

1. Introduction

The widespread use of antibiotics has already aroused growing
attention due to the ecological hazards and health risks they pose. Re-
sidual antibiotic in environmental mediums, such as surface water and
soil, can induce the accelerating generation of drug-resistant strains with
antibiotic resistance genes (ARGs) [1]. The spread of AGRs relying on
various vectors will pose more serious environmental issues than anti-
biotics alone. Consequently, there is a pressing need to eliminate anti-
biotics from environments employing effective techniques. Currently,
numerous means are popular in antibiotic pollution management, such
as physical adsorption, extraction technology, bio-treatment, and
chemical oxidation [2,3]. Among various heterogeneous catalysis in
chemical oxidation, advanced oxidation process (AOP) based on per-
sulfate activation to produce highly active reactive oxygen species (ROS)
(SO%, "OH, O3, etc.) for pollution degradation is receiving increased

interest, given its convent operation, controllable cost, and satisfying
removal efficiency [4,5].

Considering the activation approaches of persulfate by energy
transfer (thermal /ultrasonic activation) or electron transfer (alkali/
electrochemical/carbon catalyst activation), transition metal activation
with low energy consumption and high efficiency is widely studied [6].
Especially, emerging porous metal-organic frameworks (MOFs)
comprising organic ligands and metal centers that can act as catalytic
active sites for persulfate exciting, are deemed to be potential catalysts
that have broad applications ascribed to their superiority in structure
and function [7]. Undoubtedly, Fe-MIL in possession of great stability
shown in thermal and chemical aspects, low toxicity as well as active Fe
(II)/Fe(III) components are desirable. However, the challenges facing
Fe-MIL are derived from their powder state with poor processability and
applied performance with inevitable loss, vastly limiting their large-
scale applications. The strategy of anchoring Fe-MIL into porous
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supports has proven to be effective, as it keeps accessibility and allows
Fe-MIL to be fully utilized. In this way, a great number of macroscopical
MOFs-based composites are emerging involving polymer film, carbon
cloth, metal mesh, aerogels, etc. Recently, MOFs functioned wood ma-
terials integrating both advantages spring up.

Wood belongs to low-cost renewable sources that consist of open
cellular structures that intertwined with cellulose, hemicellulose and
lignin [8]. The distinct internal vertical channels in wood with ordered
pore size and abundant oxygen-containing groups, make wood attrac-
tive for MOFs immobilization which can be applied in various fields, as
examples of ZIF-8 functionalized-wood solar evaporator achieving the
augmenting solar evaporation efficiency [9] and flow-through AgPd/
UiO-66@wood catalytic microreactors for continuous controllable
hydrogen generation [10]. More research has focused on the application
on environmental remediation with MOFs/wood composites. For
instance, Guo et al. developed wood membrane decorated with UiO-66
by solvothermal strategy [11]. The unique vertical porous structure
combined with mesoporous UiO-66 enhanced fast mass transfer and
contact probability, leading to high-efficiency removal of organic con-
taminants. Subsequent research found that wood anchored with ZIF-8 or
NH,-MIL-53 could effectively eliminate heavy metals via adsorption
[12,13]. Nevertheless, a limiting situation is that the comparatively low
porosity of natural wood stemmed from their compact cellular structure,
somewhat restraining their enhanced performance.

Aiming at the improved structural property, select removal of
hemicellulose and lignin in wood through chemical treatment (e.g.,
NaClO,, NapS0O3/NaOH-H0,) to fabricate cellulose-based wood aerogel
(WA) with strengthened performance is of increased interest [14,15].
After removing hemicellulose and lignin from wood, the obtained WA
can be superior to the original wood, such as excellent mechanical
properties, lower density, and higher porosity [16], as an example of
hydrophobic wood aerogel delignified using NaClO, for reusable oil/
water separation with flux and high separation efficiency (99.5%) [17].
Thus, WA can be regarded as a more applicable support for loading
MOFs compared with the origin wood. Chen et al. immobilized ZIF-67
on the channels in WA to obtain compressible composite adsorbents
(ZIF-67 @WA), reaching the goal of effective adsorption of antibiotics
from water [18]. Another similar research concentrated on the selective
extraction of uranium from seawater [19]. Meanwhile, compared with
other supports in immobilizing MOFs, such as graphene aerogel [20] or
silica nanofibrous membrane [21], which required higher cost or com-
plex preparation process, WA with easy availability, lower cost, and
ordered porous structure could be a desired support. Thus, considering
the limited studies on MOFs/WA, it is worth to discover their potential
in persulfate exciting towards antibiotic removal.

In this work, low-density balsa wood (p = 0.120 g cm~>) was applied
as a wood precursor. WA was prepared through the chemical removal of
lignin and hemicellulose of wood employing Na;SO3/NaOH and H,0 at
high-temperature conditions, as well as freeze drying. Via the sol-
vothermal method, MIL-100(Fe) further in-situ grew on the micro-
channels of WA to obtain MIL-100(Fe)/WA composites that were used
for PDS activation towards tetracycline (TC) degradation. The
enhancement of catalytic performance in MIL-100(Fe)/WA-PDS was
observed in contrast to MIL-100(Fe)/wood-PDS system. Combined with
various characterizations, the performance of catalysts was analyzed.
The representative variables that could affect TC degradation such as
pH, temperature and co-existing anions were investigated systemically.
According to the quenching experiments and EPR, the main reactive
oxygen species (ROS) that participated in TC oxidization were identi-
fied. The possible catalytic mechanism was proposed, along with its
degradation pathways relying on liquid chromatography-mass spec-
trometry (LC-MS). Moreover, multiple antibiotics and real water for
simulating TC removal were conducted. This work provided a facial
approach to fabricate MOFs-based WA composites and exploit their
potential for persulfate activation towards remediation of antibiotic
wastewater.
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2. Experiment
2.1. Chemicals

Chemicals applied without being purified further are presented:
balsa wood (p = 120 kg m’3), tetracycline (TC, 99%), ferric trichloride
hexahydrate (FeCls-6H20, 99%), N, N-dimethylformamide (DMF, 99%),
trimesic acid (H3BTC, 98%), sodium persulfate (PDS, NayS»0g, 98%),
sodium bicarbonate (NaHCOs3, 99%), sodium sulfate (NasSO4, 99%),
sodium chloride (NaCl, 99.5%), trisodium phosphate dodecahydrate
(Na3PO4-12H50, 98%), sodium carbonate (NayCO3, 99.8%), methanol
(MeOH, 99%), tertiary butanol (TBA, 98%), p-benzoquinone (BQ, 98%),
sodium azide (NaNs, 98%) and ultrapure water (18.25 MQ cm ).

2.2. Sample fabrication

Wood aerogel (WA): Balsa wood blocks (20 x 10 x 5 mm) were
washed using methanol and ultrapure water for removing the impurity.
The dried balsa wood blocks were immersed in NaOH (2 M)/NaySO3
(0.5 M) solution at 100 °C for 4 h to eliminate lignin and hemicellulose,
and washed using ultrapure water. The washed wood sample was
further treated with HyO5 solution (2.5 M) for 2 h. The WA was obtained
by washing and freeze drying.

MIL-100(Fe)/WA: WA was first added into ferric chloride DMF so-
lution (1.5 mM) in vacuum conditions lasting for 2 h to achieve the full
impregnation of Fe ions into WA. Then, 1.9 mmol H3BTC was dissolved
into the mixture which was transferred to a Teflonlined container and
reacted for 24 h at 150 °C. MIL-100(Fe)/WA could be obtained by
washing with DMF and ultrapure water and following freeze drying.

2.3. Characterizations

The morphological features and corresponding chemical constitution
were detected using scanning electron microscopy (SEM, Zeiss Sigma
3000), X-ray diffractometer (XRD, Bruker D8 Advance) and X-ray
photoelectron spectrums (XPS, Thermo Scientific K-Alpha). The surface
functional groups of samples were analyzed with Fourier transform
infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS20). Brunauer-
Emmett-Teller (BET) analyzer (Micromeritics ASAP 2460) was
employed for Ny adsorption-desorption test to obtain pore structure
characteristics.

2.4. Degradation experiment

In TC degradation, 50 mL TC solution (30 mg L) containing PDS
(15 mg) was reacted with MIL-100(Fe)/WA (20 x 10 x 5mm) in conical
flasks, shaken at fixed temperatures and 160 rpm. The TC concentration
at different intervals was detected via UV-Vis spectra at 357 nm. More
information concerning influence variables, quenching experiments,
regeneration, etc. was shown in the supporting information.

3. Result and discussion
3.1. Characterizations

Via SEM, morphology change in different samples was obtained.
Wood was composed of ordered parallel cavities with open channels. As
presented in Fig. 1a, open vertical channels with a diameter of 40-60 pm
in wood were observed. Further, it was found that the selective removal
of lignin and hemicellulose had no obvious effect on the channels of WA
(Fig. 1c-d), as well as the following growing of MIL-100(Fe) on WA
(Fig. 1e-f). Thus, the retaining porous structure of WA was conducive to
the transfer and contact with the contaminant. Moreover, MIL-100(Fe)
grew uniformly on the surface of channels in MIL-100(Fe)/WA
(Fig. 1g), demonstrating the effective growth of MIL-100(Fe) on the
channels in WA. At the same time, the loaded MIL-100(Fe) on MIL-100
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Fig. 1. SEM of wood (a-b), WA (c-d), MIL-100(Fe)/WA (e-g) and MIL-100(Fe) (h); photograph of wood, WA, MIL-100(Fe)/WA (i).

(Fe)/WA was almost the same as MIL-100(Fe) particles in morphology
and particle size (Fig. 1h). Thus, the porous channels of WA supplied the
desired condition for MOF synthesis with no limitation in MOF growing.
The photograph of wood, WA and MIL-100(Fe)/WA in Fig. 1i reflected
the change of color in the processing of wood and the maintenance of its
structure.

Furthermore, as shown in Fig. 2a, XRD analysis identified the
structure of different samples. There were two broad peaks located at
16° and 22° in wood, WA and MIL-100(Fe)/WA, which corresponded to
cellulose in these samples [9]. Compared with original wood, the in-
tensity of the two peaks increased in WA. It indicated that NaOH/
NaySO3 combing with HyO, system enabled to effectively remove

hemicellulose and lignin, thus increasing the crystallinity of cellulose in
WA. Meanwhile, the constituent of wood and WA in Fig. 2b also indi-
cated the reduced proportion of lignin and hemicellulose, as well as
distinctly increased content of cellulose. With the growing of MIL-100
(Fe) on WA, given the low loading of MIL-100(Fe), only a small peak
at 11° belonging to MIL-100(Fe) appeared in MIL-100(Fe)/WA, sug-
gesting the effective immobilization of MIL-100(Fe) on WA.

In Fig. 2¢, FTIR distinguished the differences in functional groups for
these samples. Clearly, the peaks at 1730 cm ™ ‘and 1240 cm ™! which
were recognized as C=0 and C-O bonds disappeared in WA. This result
reflected the elimination of hemicellulose and lignin in the wood after
the treatment of NaOH/NaSO3 and HyO5 [22]. Regarding MIL-100(Fe),
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Fig. 2. XRD of different samples (a); the constituents and weight change of wood and WA (b); FTIR (c) and XPS survey (d) of different samples; Fe 2p of MIL-100(Fe)/

WA (e); N, adsorption-desorption isotherms (f).
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at 3400 cm ™}, this broad band was assigned as the stretching vibrations
of O-H ascribed to free carboxyl groups and adsorbed HyO [23]. The
peaks at 760, 711 and 461 cm ™! matched with the bending vibrations of
C-H in benzene. The band located in 1660 cm ™' belonged to the
stretching vibration of carboxylate groups, meanwhile the peaks at
1440 cm ™! and 1380 em ™! originated from the asymmetrical and sym-
metrical vibrational of the -O-C-O- groups [24]. After MIL-100(Fe)
growing in WA, those characteristics of MIL-100(Fe) arose in the com-
posites, which indicated the effective combination of MOF and WA. This
analysis also accorded with the result from SEM and XRD.

Combined with FTIR, XPS provided clearer evidence about the
element composition and valence in different samples. As presented in
Fig. 2d, XPS survey clearly provided the exist of C, Fe and O in MIL-100
(Fe), while the peaks of Fe 2p in MIL-100(Fe)/WA were small on account
of the low content of Fe (0.5%) according to Table S2, which also sug-
gested the low loading of MIL-100(Fe) on WA. For C 1 s (to Fig. S1a), the
curves could be fitted with C—C (284.7 eV), O-C-0/C-0 (286.4 eV) and
0-C=0 (288.1 eV), respectively [25,26]. It was clear that the proportion
of C-O-C/C-0 in MIL-100(Fe)/WA increased significantly in contrast to
that in WA, which was caused by the introduction of C-O in MIL-100
(Fe). The result confirmed the combination of MIL-100(Fe) and WA as
well. Regarding MIL-100(Fe)/WA, Fe 2p appeared in Fig. 2e containing
Fe 2p 1/2 and Fe 2p 2/3 orbits, at which they were matched with Fe(II)
(711.3 eV and 724.4 eV) and Fe(Ill) (713.5 eV and 726.7 eV) coupled
with their satellite peaks [23]. Thus, the existence of Fe in MIL-100(Fe)/
WA indicated the successful growing of MIL-100(Fe), and the coexis-
tence of Fe(Il) and Fe(Ill) was conducive to activating persulfate for
efficient pollutant removal.

Moreover, the structural changes of porosity, BET surface area and
pore distribution during the wood processing and MIL-100(Fe) growing
were evaluated. As depicted in Fig. 2f, the N adsorption-desorption
curves of wood, WA, and MIL-100Fe belonged to type IV isotherms
without obvious hysteresis loops, indicating that mesopores were
dominated in these samples [27]. While the type of MIL-100(Fe) was
regarded as type I isotherm, identified by microporous adsorption at low
pressure with plenty of micropores in the ordered skeleton of MIL-100
(Fe) (Fig. S1b). Considering the low loading of MIL-100(Fe), the
isotherm corresponding to MIL-100(Fe)/WA did not change. It was
found that after being treated with NaOH/NaySO3 and Hs0,, the
absorbed Ny rose significantly. This phenomenon suggested the
increased porosity when lignin and hemicellulose were removed,
creating more pores in wood channels. Simultaneously, the enhanced
porosity (0.0113 cm® g_l) and BET surface area (8.77 m? g_l) compared
with WA (0.0055 cm® g1, 6.19 m? g~ 1) also supported this conclusion
(Table 1), as well as the enlarged pore sizes, manifesting the effective-
ness of this strategy. Further, the growing of MIL-100(Fe) on WA also
improved the adsorbed volume, which was stemmed from the high
adsorption ability of MIL-100(Fe) through micropores. The corre-
sponding porosity and surface area reached to 0.0169 cm® g~! and
10.38 m? g1, which was caused by the high porosity (0.4062 cm® g™1)
and huge surface area (764.8 m? g’l) of MIL-100(Fe). Nevertheless,

Table 1
Structural parameters of Wood, WA, MIL-100(Fe)/WA and MIL-100(Fe).
Samples BET surface area” (m? Pore size” Vi (em®*g™h)
g (nm)
Wood 6.19 4.15 0.0055
WA 8.77 6.10 0.0113
MIL-100(Fe)/ 10.38 5.81 0.0169
WA
MIL-100(Fe) 764.8 2.49 0.4062

# Determined by N, adsorption adopting Brunauer-Emmett-Teller (BET)
method.

b Calculated from the desorption data employing Barrett-Joyner-Halenda
(BJH) method.

¢ Total pore volume measured at P/Py = 0.99.
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MIL-100(Fe) anchoring on the channels in WA led to a decreased pore
size (5.81 nm) in contrast to WA. Overall, the treatment of NaOH/
NaySO3 and Hy0, achieved the removal of lignin and hemicellulose
followed with larger surface area and porosity, providing a more desired
condition for MIL-100(Fe) loading and contact with pollutions.

3.2. Catalytic performance

Based on the above characterization analysis, it was concluded that
the combination of NaOH/NaySO3 and Hy0, could effectively remove
lignin and hemicellulose of balsa wood, thereby enlarging the surface
area and porosity of WA, which further provided a more desirable
condition for MIL-100(Fe) loading and the subsequent TC removal
during PDS activation. As presented in Fig. 3a, it could be seen that PDS
alone hardly removed TC with a slow degradation kinetic constant (k =
0.0004 L~mg_1~min_l) by second-order kinetic modern (Fig. 3b). So it
was the same with WA, by which only a small fraction of TC was
degraded (k = 0.0012 L-mg~!-min™1). The result suggested the poor
degradation performance of PDS and WA. When MIL-100(Fe) in-situ
grew on the channels of WA, the degradation efficiency of TC improved
significantly by virtue of a high k of 0.0520 L-mg 'min~!. At the
meantime, contrasting to MIL-100(Fe)/wood, more TC was eliminated
in MIL-100(Fe)/WA-PDS system, whose kinetic constant was 6.19 times
that of MIL-100(Fe)/wood (0.0084 L-mg’l‘min’l). This noticeable
enhancement in TC degradation could be attributed to the improved
structural performance with large surface area and porosity. Hence, the
WA with a highly porous structure and open channels anchored with
catalytic MIL-100(Fe) were able to eliminate TC efficiently, and the
corresponding removal efficiency of total organic carbon (TOC)
reflecting the total content (as carbon) of organic matter in water
reached 64.01%, indicating the effective mineralization of TC in MIL-
100(Fe)/WA-PDS system.

3.2.1. Influence factors

The catalytic performance in persulfate activation depended on
many variables, such as PDS concentration, pH, and co-existing anions,
which were investigated next.

In Fig. $2, with the increase in PDS concentration from 0.1 g L™ to
0.3 g L™}, the degradation efficiency towards TC enhanced, since more
PDS were excited related to more SOy , OH" and related reactive species
to degrade TC. While, with a high concentration of PDS (0.4 g L™1),
removal rate of TC did not increase further with a tiny drop. This indi-
cated that a higher concentration of PDS was not conducive to TC
degradation attributed to the saturated active site and the self-
quenching effect of radicals [28], which could also be reflected by the
decreased kinetic constant in the inserted image of Fig. S2.

In various factors, pH occupied a vital role in catalytic performance.
As suggested in Fig. 3c, it was obvious that MIL-100(Fe)/WA-PDS system
behaved satisfyingly with high TC removal at the initial pH range of 2-8,
in which the TC removal efficiency was the best at the pH of 4. When the
initial pH reached to 10, a clear reduction in TC degradation was
observed. Correspondingly, their relative kinetics constant accorded
with the degradation tendency as shown in Fig. 3d. It was seen that the k
at pH of 10 decreased to 0.0230 L-mg~!-min~! compared with other
conditions. The enhanced inhibiting effect at higher pH could be
ascribed to the abundant OH™ in the solution combined with active Fe
sites of MIL-100(Fe)/WA, thus weakening the activation of PDS to
produce reactive species. Meanwhile, considering the amphoterism of
TC with different dissociation constants (pKa: 3.32, 7.78 and 9.58) [29],
the changed forms of TC would not affect the TC degradation in MIL-100
(Fe)/WA-PDS system.

Given the complexity of real wastewater, co-existing ion is another
important part that affects pollution removal in AOPs, especially the
inhibition of anions [30]. Therefore, the effect of various anions (Cl~,
S0%~, HCO3, CO%™ and PO3") on TC elimination in MIL-100(Fe) /WA-
PDS system was conducted. With the addition of 1 mM anions, the result
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presented in Fig. 3e revealed that except for SO~ without inhibition
effect, other anions resulted in a prominent suppression in TC degra-
dation, and the corresponding kinetic constants (Fig. 3f) decreased to
0.0157 (CI7), 0.0046 (HCO3), 0.0045 (CO37), and 0.0023 L-mg~*-min~!
(POE*), respectively. Meanwhile, a different degradation process was
seenin C1~ induced process, where TC was slowly degraded as time went
by. The phenomenon could be caused by the reaction between Cl~ and
SO4 or ‘OH resulting in the generation of CIOH™ (EO =1.8V),Cly (E0
=2.1V)and ClI' (E® = 2.5 V) with low redox potential to further oxide TC
according to the Egs (1-3) [31]. As for HCO3 and C0%", their similar
suppression towards TC degradation resulted from their interaction with
SO4 or "OH [32], as well as their hydrolysis, leading to the increase of
solution pH, which decreased TG removal. Regarding PO3, it is re-
ported that PO3 ™~ could form complexes with the metal on the catalyst, as
well as the quenching effect on radicals [33]. Thus, the coexistence of
PO?;_ would hinder the function of active sites on MIL-100(Fe)/WA.

SO; + Cl~ - SOF™ + CI' ¢
Cl'+Cl” - Cly (2
‘OH + CI” — CIOH™™ 3)

Besides the above factors, the reaction temperature was another
important variable in AOPs. With the increase in temperature, it could
be seen that the efficiency towards TC degradation enhanced, suggesting
that elevated temperature facilitated TC degradation by MIL-100(Fe)/
WA-PDS system (Fig. S3a). This was caused by the reason that high re-
action temperature accelerated the activation of PDS through the break
of 0-0, achieving more TC removed. Further, according to the kinetic
constant at different temperatures, the Arrhenius model was employed
for calculating the activation energy during the catalytic process [34]:

In(k) = — Ex/RT +In(A) )
at which k and Ea (kJ mol™1) were kinetic constant and activation en-
ergy, T (K) and R (8.314 J mol~! K1) denoted temperature and gas
constant, A referred to pre-exponential factors.

As described in Fig. S3b, the high R? (0.9828) suggested the credible
fitting result, and the obtained E, was around 20.31 kJ mol~!. The
calculated Ex meant that TC oxidization by MIL-100(Fe)/WA-PDS sys-
tem required moderate energy and was easy to happen [35], attributed
to the enlarged open porous structure with accessible active sites, which
could be regarded as a diffusion-controlled reaction [36].

3.3. Catalytic mechanism

To identify the reactive oxygen species participating in the PDS
activation, quenching experiments aimed at SOy , ‘OH, O3, and 10,
which employed MeOH, TBA, BQ, and NaN3 as quenching agents were
carried out [37]. Fig. 4a manifested the influence of different quenching
agents compared with the blank control trial. It was clear that the
presence of MeOH and TBA (25 mM) had no obvious impact on TC
removal, while BQ and NaN3 showed a significant suppression effect due
to their low TC degradation efficiency in MIL-100(Fe)/WA-PDS system.
Accordingly, their kinetic constants (Fig. 4b) drooped to 0.0146
L~mg’1-min’1 (BQ) and 0.0030 L-mg’l-min’1 (NaN3). This result sug-
gested that 05~ and 10, produced in the catalysis process were quenched
by BQ and NaNj effectively [38], and O3 and 'O, played a significant
role in TC oxidation and degradation. Further, considering the
quenching experiments using low concentration of scavengers aiming at
free ROS, DMSO (dimethyl sulfoxide) and high concentration of MeOH
and TBA were used to quench surface-bound radicals [39]. As shown in
Fig. S5, the addition of DMSO (2 mM), MeOH (50 mM) and TBA (50 mM)
had significant inhibiting effects on TC removal, indicating the effective
participation of surface-bound radicals (SO3 , ‘OH) in TC degradation.
Therefore, surface-bound radicals (SO3 , "OH) also made a contribution
to TC degradation. As a result, TC removal in MIL-100(Fe)/WA-PDS
system was attributed to the surface-bound radicals (SO3 , ‘'OH), O3
and 102.

Based on the quenching experiments, for further proving the exis-
tence of O5 and 102 in MIL-100(Fe)/WA-PDS system, EPR (Electron
Paramagnetic Resonance) was utilized to in-situ recognize the two ROS
[40]. TEMP and DMPO were used as the corresponding spin-trapping
agents for 10, and O3 [41]. For O3 in Fig. 4c, there was no signal in
the PDS system. As MIL-100(Fe)/WA was added into the PDS system, the
typical signal of DMPO-O5 adducts emerged, suggesting the presence of
O3 in this activation system [42]. Besides, it was the same condition as
10,. As MIL-100(Fe)/WA was added, the signal belonging to TEMP-'0,
adducts appeared compared with PDS system in Fig. 4d, which mean
that 10, participated in TC degradation. The above analysis of EPR
conformed to the presence of 102 and O3 in PDS activation process,
which also accorded with the result of quenching experiments. There-
fore, 105 and O3 were recognized as significant ROS in TC degradation.

Moreover, the element variation in composition and valence before
and after TC degradation by XPS was monitored. As presented in Fig. 4e,
the binding energy of Fe after the catalysis reaction shifted to a higher
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level compared with the origin state, while the O shifted to a lower
binding energy (Fig. 4f). The shifted binding energy indicated the
electron transfer and their participation in PDS exciting [43]. It could be
seen that the proportion of Fe(IlI) decreased from 37.76% to 25.22%,
meanwhile the proportion of Fe(Il) varied from 62.24% to 74.78%. The
=Fe(Il) in the catalyst could react with szo? to generate SO; and =Fe
(I11) which would consume szo§* to form =Fe(II) (Eqs 5-6). The form
and conversion of Fe(II)/Fe(Ill) cycle continued to activate PDS for TC
degradation. At the same time, S,0%~ could be converted into SOF~ and
HO3 that further reacted with szoé— or underwent transformation to

form O3 (Egs 7-9). To verify the effect of Oy which could involve in O3
generation (Eq 10) [44], TC degradation in N3 and O5 condition was
conducted. The result in Fig. S4 suggested that there was no obvious
impact on TC removal, which meant the Oy had no effect on O3 gen-
eration. Typically, 10, generated in the PDS activation was attributed to
the conversation of O35 under the acidic condition with abundant H*
according to Eq (11) [45]. On the other hand, 102 could be derived from
the disproportionation reaction of produced ‘OH in the activation system
(Egs 12-13) [46]. In this way, TC degradation in MIL-100(Fe)/WA-PDS
system mainly depended on the contribution of O3, 10, and surface-

&
Qo o Qo
o C N O
Fe MIL-100(Fe)/WA 0 e e

H S

Fig. 5. The proposed TC degradation mechanism in MIL-100(Fe)/WA-PDS system.
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bound radicals (SO, ‘OH) as described in Fig. 5.

=Fe(Il) + $S,03~ — =Fe(Ill) + SO~ + SO;~ (5)
=Fe(Ill) + S,0§~ — =Fe(l) + S,0§ (6)
$,03” + H,0 — 2803~ + HO7 + HT )
$,03~ + HO; — SOj +S03~ + 05 +H' 8)
HO; — H" + 03 9)
05 + H' - '0; + H,0, 10)
Fe’™ + 0, —» F*T + 03~ an
SO; 4+ H,0 — SO + 'OH + H' 12)
‘OH + 'OH - !0, + H,0 13)

3.4. Possible degradation pathways

According to the catalytic process, intermediate oxidation by-
products of TC in the MIL-100(Fe)/WA-PDS system which were pre-
sented in Fig. S6, were recognized by employing LC-MS technology. The
origin TC sample displayed a sharp MS signal located in m/z = 445,
belonging to TC molecules. Depending on the by-products of TC
oxidation (P1-P10), a possible TC degradation pathway was proposed as
described in Fig. 6. It was reported that TC degradation was mainly
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involved in hydroxyl addition, deamination, demethylation, and ring
opening [47]. Firstly, the break of C-N by ROS could lead to the sepa-
ration of methyl to form P1 (m/z = 417). On the other hand, the loss of
hydroxyl resulted in the form of P2 (m/z = 427). The produced P1 and
P2 could be transferred into P3 (m/z = 397) through deamination and
demethylation. Further, the loss of methyl, hydroxyl and the following
ring opening formed P4 (m/z = 362), P5 (m/z = 318) and P6 (m/z =
302). P6 was oxidized into P7 (m/z = 284), P8 (m/z = 274), P9 (m/z =
246), and P10 (m/z = 194) under the attack of ROS generated in MIL-
100(Fe)/WA-PDS system. Ultimately, P10 was further degraded into
small molecules, CO5, and H0, as evidenced by the TOC removal effi-
ciency (64.01%), thus achieving the TC degradation.

3.5. Recyclability, stability and other antibiotics degradation

For practical application, recyclability was regarded as an essential
part of the potential of persulfate-based AOPs. Fig. 7a displayed the
cycle performance of MIL-100(Fe)/WA. As observed, after the fifth use,
the degradation efficiency of TC did not decrease significantly, indi-
cating the acceptable regeneration capacity of MIL-100(Fe)/WA origi-
nating from its high open porous structure with accessible catalytic sites.
Due to the untargeted attack of produced ROS, the released Fe (0.125
mg, from the result of ICP-MS) and carbon (1.74 mg, from the increased
TOC) which could be from MIL-100(Fe) and wood aerogel was detected.
Hence, the dropped catalytic ability could be linked to the breaking of
active Fe sites reflected by XPS analysis (Fig. 4e and Table S2).
Regarding the stability, as shown in Fig. 7b, similar XRD diffraction of

H,C_ OH H; CH, NH,
O‘O‘ P ‘O‘ =e0008
o NH; . +CF -NH,+CH, i
OH O OH O OHOOHO OH O OH OH
P1 m/z=417 P3 m/z=397 P4 m/z=362
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i O‘O
LT o
on o oo o OH O OH
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o0, = oder e Ooc
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Fig. 6. The proposed degradation pathway of TC in MIL-100(Fe)/WA-PDS system.
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WA before and after use.

MIL-100(Fe)/WA before and after use indicated the stability of MIL-100
(Fe)/WA in certain degree. Besides, the content of C-O/0-C-O decreased
distinctly from 59.9% to 38.4% (Fig. 7c), suggesting the partial break of
C-0/0-C-0O from MIL-100(Fe) (trimesic acid linker) and WA (cellulose/
hemicellulose) due to attack of ROS. Overall, the untargeted attack of
produced ROS in PDS activation would lead to a reduced performance in
stability, coupled with weaken reusability.

Meanwhile, towards other antibiotics such as chlortetracycline and
oxytetracycline, MIL-100(Fe)/WA-PDS system was able to perform well
in their removal (Fig. S7a). Besides, different water matrixes for simu-
lating TC removal were carried out. As shown in Fig. S6¢, compared with
the control group, TC removal efficiency decreased obviously. The
reduced performance was mainly caused by the presence of co-existing
ions such as CI~ and CO%~ based on the effect of anions, as well as the
dissolved organic matter reflected by the TOC (Table S4).

4. Conclusion

Herein, MIL-100(Fe) functionalized porous wood aerogel composites
(MIL-100(Fe)/WA) were prepared via combining pretreatment, sol-
vothermal synthesis, and freeze drying. Considering the limited porosity
in original wood supports, pretreatment with NaxSO3/NaOH and Hy0,
enabled to partially remove lignin and hemicellulose of cellular struc-
tures in wood effectively, turning wood into wood aerogel, which
largely improved the porosity (from 0.0055 to 0.0113 cm® g™!) and
surface area (from 6.19 to 8.77 m> g’l) as well as pore size (Table 1).
The enlarged open porous channels in WA supplied the desired growing
condition for MIL-100(Fe) anchoring. Accordingly, the fabricated MIL-
100(Fe)/WA exhibited faster and more efficient degradation capacity
of TC through PDS activation compared with MIL-100(Fe)/wood, of
which its corresponding kinetic constant (0.0520 L-mg~'-min~!) was
6.19 times that of MIL-100(Fe)/wood (0.0084 L-mg '-min~!). The
translation between =Fe(II) and =Fe(IlI) and the participation of O
proved by XPS analysis contributed to the PDS exciting. Mechanism
investigation by quenching tests and EPR analysis further made clear
that 03", 10, and surface-bound radicals (SO%, 'OH) ere the dominating
ROS for TC degradation in MIL-100(Fe)/WA-PDS oxidative system. Be-
sides, it was found that TC removal by MIL-100(Fe)/WA-PDS system was
a temperate-promoting process with low activation energy, and could be
conducted in a wide pH range (2-10). Regeneration experiments with
acceptable dropped performance after the fourth reuse and satisfactory
removal efficiency towards other antibiotics suggested its application
potential. Based on the low-prize and renewable wood, this work
functionalized wood aerogel with MIL-100(Fe) to effectively eliminate
antibiotics by persulfate activation, which might supply an accessible
approach for designing MOFs-based material in water treatment.
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