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Agricultural wastewater posseses serious threats to the environment
and human health. In this work, we report a green microwave assisted
synthesis of MOF-808 with tuned particle size. These materials have
been proved to simultaneously degrade a toxic pesticide and capture
phosphate from water over several cycles. The adsorbed phosphate
can be further recovered, favoring a P-circular economy.

Due to the continuous growth of the world population and the
negative effects derived from global climate change, agro-
chemicals are essential to maintain the current crop yields and
ensure food security.'! However, their low efficiency together
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with their indiscriminate use implies severe threats to the
environment and human health.>? In this context, phosphorus-
based compounds are extensively employed in modern agri-
culture and manufactured from phosphoric rock, which is
a non-renewable resource. In addition, less than 30% of the
phosphorus applied to soils reaches the food chain, with the
main P-losses occurring in croplands. Consequently, the P-
compounds, which contaminate fresh waters, contribute to
eutrophication and decimate biodiversity, which also entails
a significant societal cost.* On the other hand, organophos-
phorus pesticides (OPs), widely used in agriculture, are highly
toxic compounds due to their ability to inhibit the activity of
acetylcholinesterase, an enzyme present in several animals,
including humans. Indeed, OP poisoning causes 110 000 deaths
per year globally.>® For these reasons, the design of new strat-
egies to decontaminate polluted wastewater and recover phos-
phate from it is of paramount importance and may contribute
to the much-needed P circular economy.

In this regard, Zr-based metal-organic frameworks (Zr-
MOFs) are robust and non-toxic crystalline porous materials
composed of ZrsO4(OH), clusters connected by organic spacers.
Their elevated porosity, together with the Pearson hard-acid
nature of Zr(wv) sites and concomitant strong affinity for phos-
phate compounds, has led to Zr-MOFs being considered as
promising materials towards the decontamination and recovery
of P-polluted wastewater. Indeed, some Zr-MOFs have recently
been proved to efficiently capture phosphate or pesticides.
However, most of these examples are limited to the removal of
a single pollutant,”° far from the real conditions of application.
Only one very recent study, of our research group, reported the
simultaneous capture and selective recovery of both P-
pollutants by Zr-MOF NU-1000."* On the other hand, certain
Zr-MOFs can hydrolytically degrade OPs in buffered media
containing organic amines (e.g. N-ethylmorpholine).">** Never-
theless, the catalytic activity of these materials decreases
dramatically in unbuffered media such as wastewater, sug-
gesting the role of these molecules as co-catalysts (i.e. t;, <
1 min in N-ethylmorpholine solution and ¢, = 94 min in Milli-
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Q water for Tabun degradation by MOF-808).**** Finally, it is
important to highlight that Zr-MOF materials are usually
prepared through long solvothermal synthesis using toxic N,N-
dimethylformamide (DMF). Given that DMF is considered as
a substance of very high concern by the European Chemicals
Agency,'® the development of environmentally friendly methods
to synthesize Zr-MOFs is urgently needed in order to facilitate
their industrial manufacture and application. In this regard, it
should be noted that green synthesis of Zr-UiO-66 (ref. 17) and
related MOF-808(Ce)*® and MOF-808(Hf)* has been recently
reported. However, in neither case has particle size control been
carried out. To the best of our knowledge, only one example of
particle size control in MOF-808(Zr) has recently been achieved
in the absence of DMF, although isopropanol solvent was used
for the preparation of the Zrs oxocluster.*®

Taking into account this background, in this work, we report
a water-based microwave assisted synthetic method to prepare
porous [ZrsO,(OH),(trimesate),(formate)s] (MOF-808) materials
(pore sizes: 1.8 and 2.2 nm)** with crystal size growth control.
We also demonstrate the ability of these as-synthesized MOF-
808 materials to simultaneously capture phosphate ions and
hydrolytically degrade the OP pesticide dimethyl-4-
nitrophenylphosphate (methyl paraoxon, MP) in unbuffered
aqueous solution over several cycles. Moreover, the captured
phosphate ions can be easily recovered, regenerating the
adsorbent, and favouring a P-circular economy (Scheme 1).

Firstly, three MOF-808 materials, with particle size ranging
from 345 to 570 nm, were prepared by water-based microwave
(MW) assisted synthesis using different heating ramps. It
should be highlighted that this environmentally friendly
approach allowed the reaction time to be significantly short-
ened (from days to a few hours) in comparison with typical
solvothermal methods, which employ a two-day synthesis and
toxic DMF as solvent.”»* The designed synthetic procedure
encompasses four different steps: (i) a heating ramp of 15, 60
and 120 min up to 95 °C for MOF-808_15, MOF-808_60 and

Scheme 1 Schematic representation of (a) simultaneous phosphate
removal and pesticide degradation, (b) recovery of phosphate by
hydrogen carbonate treatment, and (c) regeneration of MOF-808 with
hydrochloric acid.
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MOF-808_120, respectively; (ii) a 1 h dwelling period at 95 °C;
(iii) a fast cooling-step of 2 min down to room temperature and
(iv) a washing process using water as solvent (Fig. 1a). Note-
worthily, using this water-based and faster synthetic method
our MOF-808 materials were recovered with similar reaction
yields (61-75%) to those obtained in traditional DMF-based
solvothermal synthesis (70%).>* Once MOF-808_15, MOF-
808_60 and MOF-808_120 were isolated, their purity and crys-
tallinity were firstly confirmed by powder X-ray diffraction
analysis (Fig. 1b). In addition, the N, adsorption studies proved
the permanent porosity of the three materials after thermal
activation (Fig. 1c). The calculated BET surface areas for MOF-
808_15 (1970 m? g~ '), MOF-808_60 (2050 m> g~ ') and MOF-
808_120 (1960 m* g~ ') were in good agreement with the value
previously reported in the solvothermal synthesis of MOF-808
(2060 m* g~ ),** corroborating the high quality of the synthe-
sized materials. Likewise, these results confirmed the efficiency
of the water washing process, avoiding the typical solvent
exchange with DMF for several days.* Scanning electron
microscopy (SEM) was used in order to explore the impact of
MW heating ramp speed on MOF-808 crystal growth. The
results reveal that MOF-808_15, MOF-808_60 and MOF-808_120
were fairly homogeneous with increasing particle sizes of 345 +
25 nm, 485 £+ 30 nm and 570 + 30 nm, respectively (Fig. 1d).
These results indicate that the slower the heating-ramp, the
larger the crystals. For comparative studies, three control
materials, denoted as MOF-808_15_c, MOF-808_60_c and MOF-
808_120_c, were also synthesized using the technically fastest
heating ramp available (1 min) followed by increasing dwelling
times at 95 °C of 75 min, 120 min and 180 min, respectively.
Thus, the overall reaction time of each control material was the
same as that of the corresponding counterpart, allowing us to
analyse the effect of the heating ramp speed on the properties of
the final materials. Noteworthily, all control materials showed
more polydisperse crystal size distribution (Fig. S1 and Table
S1t). In addition, the powder X-ray diffractograms suggested
the co-existence of an amorphous phase together with MOF-808
microcrystals, especially in the case of MOF-808_120_c
(Fig. S2t). Indeed, this material showed a very low N, adsorp-
tion capacity at 77 K (BET surface area = 710 m”> g~ ). Signifi-
cant porosity drops were also found for MOF-808_60_c (BET
surface area = 1235 m* g~ ') and MOF-808_15_c (BET surface
area = 1540 m> g~ ) (Fig. S3 and Table S17). These results are in
agreement with previous reports for microwave assisted MOF-
808 synthesis without a controlled heating ramp.*

Once MOF-808_15, MOF-808_60 and MOF-808_120 mate-
rials were fully characterized, we proceeded to assess their
behaviour towards the adsorption of phosphate ions and the
degradation of the organophosphorus pesticide methyl para-
oxon (MP). Firstly, experimental data confirmed the incorpo-
ration of phosphate from aqueous solutions in all MOF-808
structures. The corresponding solid-liquid adsorption
isotherms at 25 °C could be successfully fitted to a Langmuir
model with maximum adsorption capacities of 1.60 (MOF-
808_15), 1.26 (MOF-808_60) and 0.77 (MOF-808_120) mol
mol " (Fig. S4t). Since the three samples showed similar
porosity, the difference in maximum phosphate loading
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Fig. 1

(a) Controlled-heating ramp used in the preparation of MOF-808 (continuous lines) and control materials (dashed lines). (b) Powder X-ray

diffractograms, (c) N, adsorption at 77 K and (d) SEM images of MOF-808_15 (red), MOF-808_60 (blue) and MOF-808_120 (green). Scale bar: 1 um.

capacities could be attributed to a hindered diffusion of phos-
phate in the inner pore structure. Consequently, the adsorbate
loading inversely correlates with MOF particle size. In addition,
an aqueous solution of phosphate (0.08 mM, 1 mL, pH = 6.9)
was exposed to an equimolar amount of MOF-808 materials
(0.08 pmol) to evaluate their adsorption kinetics. A pseudo-
second order kinetic model was the best to fit the experi-
mental data (Fig. 2a and Table S2), demonstrating in all cases
a fast diffusion and high affinity of phosphate anions for the
pore structure (MOF-808_15: t;,, = 20.9 min; MOF-808_60: t;/,
= 24.8 min and MOF-808_120: t;, = 26.2 min). A nearly
complete uptake of this pollutant was reached after 24 hours for
MOF-808_15 (98.0 + 2.3%) and MOF-808_60 (96.1 + 0.9%),
while a lower payload was observed for MOF-808_120 (79.9 +
5.1%). These results are in agreement with the solid-liquid
adsorption isotherms (Fig. S41). In addition, we evaluated the
ability of MOF-808 materials to catalyse the hydrolysis of toxic
methyl paraoxon (oral rat LDs, = 3.27 mg kg™ ')** into 4-nitro-
phenol (oral rat LD5, = 667 mg kg~ ")** and dimethylphosphate
(oral rat LDso = 3283 mg kg™ '),*® in unbuffered aqueous solu-
tion. All assayed MOF-808 materials lead to a significant
hydrolysis of the ester P-O bond after 24 hours (MOF-808_15:
92.8 £ 0.9%; MOF-808_60: 91.1 + 6.4%; MOF-808_120: 86.0 £+
5.8%) (Fig. 2b). The degradation profiles can be fitted to
a second-order kinetics model, with half-life times of 113 min,
137 min and 231 min, for MOF-808_15, MOF-808_60 and MOF-
808_120, respectively (Table S37). These results demonstrate the
detrimental impact of crystal size on catalytic activity, with the
MOF-808_120 material exhibiting the worst performance in the
assayed series. These results are in line with previously
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published studies on MP hydrolysis by MOF-808 in pure water
(tl/Z = 300 min).15
Interestingly, these porous materials were also able to

simultaneously degrade methyl paraoxon and capture
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Fig.2 (a) Adsorption kinetics of phosphate. (b) Degradation kinetics of

methyl paraoxon. (c) Adsorption kinetics of phosphate in the presence
of methyl paraoxon. (d) Degradation kinetics of methyl paraoxon in the
presence of phosphate. Experimental conditions: unbuffered aqueous
solutions at 25 °C (1 mL), 0.08 umol of MOF-808, [MP] = 0.08 mM, and
[PO4>7] = 0.08 mM (MOF-808_15: red, MOF-808_60: blue and MOF-
808_120: green).
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phosphate ions from water. It should be noted that phosphate
adsorption kinetic profiles and uptakes, after 24 hours, were
similar to the ones reported in the absence of pesticide (MOF-
808_15: 91.5 = 0.9%; MOF-808_60: 94.3 + 0.8%; MOF-
808_120: 76.1 + 4.3%) (Fig. 2c and Table S27), suggesting
a negligible interference effect of pesticide on phosphate
adsorption. We also evaluated the impact of the presence of
phosphate ions on pesticide degradation. An important degra-
dation took place after 24 hours, although it was somehow 10-
15% smaller than the MP conversion observed in the absence of
phosphate (MOF-808_15: 76.8 + 1.9%; MOF-808_60: 79.0 +
1.8%; MOF-808_120: 72.7 + 1.4%). Similarly, the degradation
rate was slowed down, with half-life times of 440 min, 390 min
and 552 min, for MOF-808_15, MOF-808_60 and MOF-808_120,
respectively (Table S3t). According to this, phosphate ions seem
to be responsible for an important catalyst poisoning, with
a relatively larger impact on the activity of the smaller particles,
which may point to active sites being mainly located at the
particles’ external surface.

In order to prove this hypothesis, we carried out UV-vis
studies which revealed that pesticide concentration in the
supernatants decreased at the same rate as the concentration of
p-nitrophenol (one of the degradation products) increased.
Interestingly, an isosbestic point was observed at 297 nm,
pointing out that neither methyl paraoxon nor p-nitrophenol is
incorporated into the porous matrixes (Fig. 3b). Furthermore,
suspensions of MOF-808_60 (5.6 pmol) and methyl paraoxon
(5.6 mM) were incubated in 1 mL of D,O for 24 h at room
temperature in the presence and absence of phosphate (5.6
mM). The supernatants were analysed by means of 'H and *'P
NMR spectroscopy using glyphosate as an internal reference.
Both the pesticide and its degradation products (p-nitrophenol
and dimethylphosphate) were successfully identified in 'H and

View Article Online
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31p spectra. In particular, the "H NMR spectra confirm that 62.0
and 48.0% of methyl paraoxon was hydrolysed after 24 h in the
absence and presence of phosphate, respectively. These
conversion values were appreciably lower than those obtained
in the batch experiments, which could be attributed to kinetic
issues related to the use of deuterated water. Noteworthily, the
comparison of the integrated H signals of non-degraded methyl
paraoxon and p-nitrophenol with the internal reference
(glyphosate) indicated that neither the pesticide nor p-nitro-
phenol was incorporated into the porous matrix (Fig. 3¢, S5 and
S6t). Conversely, dimethylphosphate (the other degradation
product) was partially encapsulated inside the MOF (76.6% in
the absence of phosphate vs. 44.4% in the presence of this
anion) (Fig. S5 and S67). Despite this fact, it seems that dime-
thylphosphate does not really compete with phosphate during
the adsorption process, as corroborated by the previously dis-
cussed kinetic studies where phosphate uptake after 24 h was
not affected by the presence of methyl paraoxon (see above). *'P
spectra further supported these experimental results, confirm-
ing the generation and partial encapsulation of dimethylphos-
phate molecules as well as the almost complete encapsulation
of phosphate ions after 24 h of incubation (Fig. S7 and S87). In
summary, pesticide degradation seems to take place on the
particle surface and, consequently, the high surface area of the
pores is available for the adsorption of phosphate ions. In
contrast, methyl paraoxon molecules compete with phosphate
ions for the active sites on the external particle surface,
explaining the drop of about 10-15% in the hydrolytic efficiency
when both P-pollutants are present.

To further explore the suitability of these materials as
decontaminating agents, recyclability studies were carried out
with MOF-808_60. After a first incubation of MOF-808_60 (0.08
pmol) with equimolecular amounts of methyl paraoxon and

(a) (b)
0.8 —n Isobestic point MP Nitrophenol
— —— 5h 0.4f 55 3
0.6 e §0.2— o
0.4 — 12h Qpessss——*
24h <_‘0_2_ EETIEN
0.2 — MP| 04t
0 s — . 0 10200 10200 10 20
200 300 400 500 600 time (h) time (h) time (h)
wavelength (nm)
Hydrolysis 24h
Ref.
J .l
0.76 1.24 2.00
9 8 7 6 5 4 3 2
Nitrophenol f1 (ppm)

Fig. 3

(a) Schematic representation of phosphate encapsulation into the cavities of MOF-808 and degradation of methyl paraoxon taking place

on the MOF surface. (b) UV-Vis spectra showing the degradation of methyl paraoxon by MOF-808_60. On the right, evolution of absorbance at
297 nm (isosbestic point, black), 274 nm (methyl paraoxon, blue) and 316 nm (p-nitrophenol, orange). (c) *H NMR of the supernatant after the
hydrolysis of methyl paraoxon by MOF-808_60 after 24 h. The concentration of the internal reference (glyphosate) is the same as that of the total
concentration of unreacted methyl paraoxon and generated p-nitrophenol, ruling out the encapsulation of the pesticide.

This journal is © The Royal Society of Chemistry 2022
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phosphate (0.08 mM, 1 mL), the solid was filtered off and
treated with a highly concentrated hydrogencarbonate solution
(4 mM, 1 mL, pH = 8.3, 5 h) recovering a substantial amount of
the previously adsorbed phosphate (79.2 + 3.0%) (Fig. 4). Then,
and in order to decompose the entrapped hydrogencarbonate
anions, we proceeded to regenerate the MOF-808_60 matrix by
suspending the solid with diluted hydrochloric acid (4 mM, 1
mL, 5 h). The recyclability was further evaluated over two
additional cycles. The results revealed that the material main-
tained similar performances to the ones observed, in the first
cycle, towards phosphate adsorption, pesticide degradation and
phosphate recovery. A drop of only 10% occurred between the
second and third cycles for methyl paraoxon hydrolysis (Fig. 4).
To prove the impact of all these processes (catalysis and
adsorption, subsequent desorption of phosphate and matrix
regeneration) on the structural integrity of the dual material,
both the MOF_808_60 solid and eluted solutions were analysed
by XRPD and ICP-MS, respectively. Although a certain loss of
crystallinity was observed after the different treatments
(Fig. S9f), neither Zr nor trimesate linker leaching was
observed, ruling out ligand exchange. Nevertheless, a partial
displacement of the -COO- sites of BTC linkers cannot be ruled
out, as previously observed by Zhang, Chen et al.”” In any case,
this observed amorphization does not affect the final perfor-
mances of our material, as demonstrated by its good
recyclability.

Furthermore, the ability of MOF-808_60 to both decompose
methyl paraoxon and capture phosphate in the presence of
several interferents typically found in water, such as chloride,
sulphate, nitrate and hydrogencarbonate ions (interfer-
ence : pesticide : phosphate ratio 5:1:1), was investigated
(Fig. S107). Regarding pesticide hydrolysis, only the presence of
sulphate and nitrate seemed to slightly decrease the total
amount of degraded methyl paraoxon after 24 h (80.3 £+ 1.5 and
71.2 £ 2.1%, respectively). In contrast, the phosphate adsorp-
tion capacity of MOF-808_60 remained unaltered in all cases
except when hydrogencarbonate was used as an interferent

100

S D @
o o o

Hydrolysis/removallrecovery (%)
N
o

o

3" cycle

2" cycle
Removal m Recovery

15t cycle
m Hydrolysis

Fig. 4 Recyclability studies of MOF-808_60 along three successive
cycles: (i) simultaneous hydrolysis of methyl paraoxon and removal of
phosphate and (i) subsequent recovery of phosphate by exchange
with hydrogencarbonate anions. After each cycle, MOF-808_60 was
regenerated by treatment with an aqueous solution of hydrochloric
acid (2.5 mM).
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(phosphate uptake dropped by up to 55.9 + 5.7%). Notwith-
standing, the hydrogencarbonate to phosphate molar ratio used
in these assays is much larger than that typically found in
wastewaters (1.5 : 1).2®

Conclusions

We have demonstrated the feasibility of preparing high quality
MOF-808 materials through a fast and environmentally friendly
water-based microwave reaction. By modulating the heating
ramp, highly crystalline and porous materials with homoge-
neous and tuned crystal size were obtained. Moreover, these
matrixes have been proved to exhibit a good performance
toward the capture of phosphate ions or the degradation of toxic
methyl paraoxon pesticide in water. In mixtures containing
both pollutants, these MOFs were also able to simultaneously
decompose methyl paraoxon and capture phosphate ions
without a significant detriment to the individual performance.
UV-Vis and NMR spectroscopy analysis have demonstrated that
while phosphate ions can be adsorbed inside the pores, pesti-
cide degradation takes place mainly on the external particle
surface. Furthermore, a strategy has been designed to regen-
erate the adsorbent and recover the trapped phosphate ions
which may contribute to the P circular economy. Specifically,
MOF-808_60 has been proved to exhibit good reusability
maintaining a good performance over at least three degrada-
tion-adsorption—-desorption cycles. These results represent
a step forward in the application of MOF materials in waste-
water treatment.
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