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a b s t r a c t

Zr-based metal-organic framework [Zr6(m3-O)4(m3-OH)4(OH)4(H2O)4(1,3,6,8-tetrakis(p-benzoate)pyr-
ene)2] (NU-1000) has been successfully used to remove phosphate and fenamiphos (an organophos-
phorus pesticide) from water solutions. In order to approach practical conditions, these studies have
been performed under dynamic conditions and in the presence of relevant interferences, such as
hydrogen carbonate. The results show that NU-1000 is able to adsorb 0.19 mol/mol of phosphate,
reaching a plateau after 20 min, while 0.89 mol/mol fenamiphos is captured after 120 min. Afterward, a
three-step strategy has been designed, allowing quantitative recovery of both phosphate anions and
fenamiphos, separately, and ulterior adsorbent regeneration. Noteworthy, after this treatment, NU-1000
maintains a good performance toward the dual removal and selective desorption of phosphate and
fenamiphos for at least two additional cycles.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One of the greatest challenges of the 21st century is to increase
the production of crops to satisfy the high demand of food of the
ever-growing global population (from the current 7.6 billion to the
10 billion expected by 2050) [1]. This challenge involves a signifi-
cant increment of global production and the use of agrochemicals,
including fertilizers and pesticides, in order to maximize crop
yields. However, this goal also poses real threats to human health,
aquatic ecosystems, and the environment at large. One of the most
common classes of pesticides, namely organophosphates, is highly
toxic to humans and ecosystems due to their acetylcholinesterase
inhibition activity [2]. As a result, negative effects on the organism
ranging from paralysis to seizures and eventually death may take
place. Another problem associated with agricultural sustainability
is the intensive use of phosphate fertilizers, which are obtained
from non-renewable phosphate rock sources. While 90% of mined
phosphate rock is used for food production, only one-fifth of it
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reaches the global food chain, with the major share being leaked to
soil/aquatic media leading to severe environmental problems
(eutrophication) [3]. For this reason, the design of new strategies
aimed at contributing to the P circular economy is of paramount
importance.

Existing technologies for pollutant remediation include precip-
itation, membrane technology, coagulation/flocculation, biological
processes, advanced oxidation, and adsorption. However, these
conventional decontamination methods suffer from high operating
costs, generation of secondary pollutants, and partial removal of
contaminants. Thus, there is a high interest in developing non-toxic
and efficient materials for pesticide decontamination and phos-
phate recovery. These materials should be easily regenerated in
order to be reused in successive adsorption-desorption cycles.

In this context, metal-organic frameworks (MOFs), which are
crystalline porous materials based on metal clusters connected by
organic spacers, are being thoroughly studied for environmental
pollutants detoxification [4] [e] [7]. Among them, non-toxic zir-
conium MOFs, based on Zr6O4(OH)4 secondary building units, have
shown to be chemically stable [8] and to adsorb phosphate ions
[9e11]or pesticides efficiently [12e15]. However, these studies are
focused on the removal of a single pollutant through batch pro-
cesses, far from the real applications.
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In this work, we have selected NU-1000 ([Zr6(m3-O)4(m3-
OH)4(OH)4(H2O)4(TBAPy)2], TBAPy ¼ 1,3,6,8-tetrakis(p-benzoate)
pyrene, a robust and low connectivity material with hierarchical
micro/mesoporous structure, for the simultaneous capture and
selective recovery of phosphate fertilizer and fenamiphos ((RS)-N-
[ethoxy-(3-methyl-4-methylsulfanylphenoxy)phosphoryl] propan-
2-amine)) pesticide under dynamic conditions, approaching
wastewater treatment close to realistic situations (Scheme 1).

2. Material and methods

2.1. General methods

All chemicals were commercially available and used without
further purification. Powder X-Ray diffraction (PXRD) data were
obtained on a X'Pert PRO diffractometer (PANalytical) with the
following instrumental parameters: Cu Ka radiation (l ¼ 1.5405 Å),
current¼ 40 mA, tension¼ 45 kV, measurement range 2q ¼ 3⁰-50⁰,
time per step ¼ 4 s, and step size ¼ 0.04⁰ 2q. For the adsorption
recyclability assays, XRPD data were collected on a Bruker D2
PHASER Bruker diffractometer: Cu Ka radiation (l ¼ 1.5418 Å),
measurement range 2q ¼ 5⁰-45⁰, time per step ¼ 0.5 and step
size ¼ 0.02⁰. Before each measurement, the samples were manually
grounded in an agate mortar and then deposited in the hollow of a
zero-background silicon sample holder. Infrared spectra were
collected in a Fourier transform infrared spectrophotometer Bruker
Tensor 27 (32 scans, resolution ¼ 2 cm�1). Thermogravimetric an-
alyses were performed using a Mettler Toledo TGA/DSC STAR sys-
tem under airflow (20 mL/min) running from room temperature to
900 �C with a heating rate of 2 �C/min (CIC, University of Granada).
Elemental (C, H, N) analyses were obtained with a Flash EA1112
CHNS-O instrument (CIC, University of Granada). Nitrogen
adsorption isotherms were measured at 77 K on Micromeritics
Tristar 3000 and 3flex volumetric instruments. The samples were
heated 12 h at 393 K and outgassed to 10�1 Pa before the adsorption
Scheme 1. Strategy for the reversible and selective phosphate and fenamiphos capture an
miphos with ethanol. (c) Ion exchange of phosphate with hydrogen carbonate. (d) Regener
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measurements. UV-vis spectra were collected on a Shimadzu UV
spectrophotometer. Inductively coupled plasmamass spectrometry
analysis (ICP-MS) was carried out with a NexION 300D instrument
(CIC, University of Granada).
2.2. Batch adsorption experiments

2.2.1. Adsorption isotherms of fenamiphos and phosphate
The adsorption capacity of NU-1000 for phosphate and fena-

miphos was first assessed separately. In particular, aqueous solu-
tions of phosphate or fenamiphos (0.05 mM) were mixed with
different aqueous suspensions of NU-1000 (10.9 mg/L e 108.8 mg/
L). In addition, aqueous solutions of phosphate or fenamiphos
(0.05 mM) without MOF, as well as suspensions of NU-1000
(10.9 mg/L e 108.8 mg/L) were also prepared as controls. All sam-
ples were shaken at 25 �C for 24 h, and the supernatant was
collected by centrifugation (9168 g/15 min). The concentration of
fenamiphos in the supernatants was determined spectrophoto-
metrically (lmax ¼ 248 nm), while the concentration of phosphate
was analyzed by means of the molybdenum blue method [17].
All the experiments were performed in triplicate.

The adsorption capacity of NU-1000 was calculated as follows
(Equation (1)):

q¼ co � ce
cMOF

(1)

q ¼ adsorption capacity (mol/mol)
co ¼ initial concentration of fenamiphos or phosphate (mM)
ce¼ concentration of fenamiphos or phoshate (mM) after 24 h of

adsorption
cMOF ¼ concentration of NU-1000 (mM) in the aqueous

suspension
Finally, the experimental data were fitted to adsorption Lang-

muir equation (Equation (2)):
d recovery by NU-1000. (a) Simultaneous adsorption process. (b) Desorption of fena-
ation of NU-1000 by treatment with hydrochloric acid.
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qe ¼ qmax ,k,ce
1þ k,ce

(2)

qe ¼ adsorption capacity (mol/mol) after 24 h of adsorption
qmax ¼ maximum adsorption capacity (mol/mol)
k ¼ Langmuir constant of adsorption (L/mol)
2.2.2. Adsorption kinetics of fenamiphos and phosphate
Aqueous suspensions (1 mL) containing NU-1000 (108.8 mg/L)

and fenamiphos or phosphate (0.05 mM) were shaken at 25 �C for
30, 60, 210, 330 and 1440 min. At each time, the supernatant was
collected by centrifugation (9168 g/15 min). As previously
mentioned, the concentration of fenamiphos was determined
spectrophotometrically (lmax ¼ 248 nm), while the concentration
of phosphate was determined by means of the molybdenum blue
method [17]. All the experiments were performed in triplicate.

All experimental data were fitted to a pseudo-second-order
model, according to Equation (3):

qt ¼ q2e,kt,t
1þ qe ,kt,t

(3)

t ¼ time of adsorption (min)
qt ¼ adsorption capacity (mol/mol) at time t
qe ¼ equilibrium adsorption capacity (mol/mol)
kt ¼ adsorption rate constant (mol/mol/min)
2.2.3. Simultaneous adsorption of fenamiphos and phosphate
Aqueous suspensions (1 mL) containing equimolar amounts of

NU-1000 (108.8 mg/L), phosphate, and fenamiphos (0.05 mM)
were shaken at 25 �C for 30, 60, 210, 330, and 1440 min. At each
time, the supernatant was collected by centrifugation
(9168 g/15 min). As mentioned before, the concentration of fena-
miphos was determined spectrophotometrically (lmax ¼ 248 nm),
while the concentration of phosphate was analyzed by means of
the molybdenum blue method [17]. All the experiments were
performed in triplicate.
2.2.4. Adsorption experiments in the presence of relevant
interferences

Adsorption experiments in the presence of potential in-
terferences typically found in water, namely sodium chloride,
sodium sulfate, sodium nitrate, and sodium hydrogen carbonate,
were performed in order to evaluate the selectivity of NU-1000
toward phosphate and fenamiphos.

In a typical experimental, aqueous suspension (1mL) containing
one of the previously mentioned interferences (0.25 mM) and
equimolar amounts of NU-1000 (108.8 mg/L), phosphate and
fenamiphos (0.05 mM) were shaken at 25 �C for 60 min. Afterward,
the suspensions were centrifuged (9168 g/15 min) and the super-
natants collected. Control experiments, in the absence of in-
terferences, were also performed. The concentration of both
phosphate and fenamiphos in the supernatants was analyzed as
previously mentioned. All the experiments were performed in
triplicate.

In order to further explore the influence of sodium hydrogen
carbonate in the adsorption capacity ofNU-1000 toward phosphate
and fenamiphos, additional experiments were carried out. Specif-
ically, aqueous suspensions (1 mL) containing equimolar amounts
of NU-1000 (108.8 mg/L), phosphate and fenamiphos (0.05 mM),
and different concentrations of hydrogen carbonate
(0.075e2.5 mM) were shaken at 25 �C for 60 min. Afterward, the
suspensions were centrifuged (9168 g/15 min) and the superna-
tants were collected and analyzed as previously described. All the
3

experiments were performed in triplicate. NaHCO3: phosphate/
fenamiphos ratios ranged from 1.5:1 to 50:1.

2.2.5. Selective recovery of fenamiphos and phosphate. Recyclability
of NU-1000

First, an aqueous suspension of NU-1000 (108.8 mg/L) was
stirred with an equimolar mixture of fenamiphos and phosphate
(0.05 mM), (total volume of 1 mL), for 1 h at 25 �C. The suspension
was centrifuged (9168 g/15 min) and the supernatant was collected
and analyzed in order to evaluate the amount of adsorbed phos-
phate and fenamiphos.

Afterward, the solid was re-suspended in 1 mL of ethanol for 1 h
under stirring. The ethanolic supernatant was collected by centri-
fugation (9168 g/15 min), and the concentration of fenamiphos and
phosphate in this solution was spectrophotometrically quantified.
Then, the resulting pellet was suspended in an aqueous solution of
hydrogen carbonate (2.5 mM/1 mL) for 1 h at 25 �C (stirring). The
supernatant was collected by centrifugation (9168 g/15 min), and
the amount of phosphatewas spectrophotometrically quantified. In
order to regenerate NU-1000, hydrogen carbonate anions inside the
cavities were chemically decomposed with a hydrochloric acid
solution (2.5 mM/1mL). After each treatment, the PXRD of the solid
was collected to evaluate the structural stability of the adsorbent.
For studying the recyclability of NU-1000, 3 successive cycles as
described abovewere performed. In all cases, the experiments were
performed in triplicate.

2.3. Studies under dynamic conditions

To evaluate the performance of NU-1000 under dynamic con-
ditions, an aqueous solution containing fenamiphos (0.1 mM),
phosphate (0.1 mM), and NaHCO3 (0.5 mM), as interferent, was
pumped continuously (2 mL/min) for 120 min through a HPLC
chromatographic column (length 11.5 cm, diameter 4 mm)
filled with a sample of NU-1000 previously activated (25 mg,
0.012 mmol).

At different times, aliquots were collected and the concentration
of fenamiphos and phosphate was spectrophotometrically quanti-
fied. Following the same procedure as in batch experiments, fena-
miphos was desorbed from NU-1000 by pumping ethanol through
the column for 30 min, and the concentration of pesticide in the
outer flow was quantified as previously described. Afterward, an
aqueous solution of hydrogen carbonate (5 mM) was passed
through the column for 1 h (2 mL/min) in order to desorb the
phosphate anions that were quantified by means of the molybde-
num blue method.

Finally, a solution of hydrochloric acid (5 mM) was used to
regenerate the MOF for the next cycle (2 mL/min, 30 min). Three
successive cycles were performed to assess the recyclability of the
adsorbent under dynamic conditions.

In order to further explore the chemical stability of NU-1000
throughout the dynamic conditions, the leaching of zirconium was
analyzed by ICP-MS from different aliquots. In particular, 500 mL of
the collected samples at different times, 61.5 mL of concentrated
HNO3 (69%), and 438.5 mL of water were mixed, and Zr was
measured by ICP-MS analyses.

3. Results and discussion

The successful preparation of metal-organic framework NU-
1000 was first confirmed by X-ray powder diffraction (Fig. 1a) [18].
In addition, N2 adsorption isotherm, registered after postsynthetic
treatment of the material with HCl, proved its porosity. NU-1000
showed a BET surface area of 1980 m2/g, in agreement with the
theoretical value (2280 m2/g) [16]. As expected, the analysis of



Fig. 1. Characterization of NU-1000: (a) XRPD patterns of simulated (black) and as-synthesized (red) material. (b) N2 adsorption isotherm (77 K) and DFT pore size distribution.
(c) Molecular modeling calculations showing the preferential accommodation of fenamiphos into the triangular micropores of NU-1000 at lower values of loading.
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pore-size distribution by DFT revealed a bimodal distribution, with
pore diameters of 1.5 nm and 3.3 nm, corresponding to the trian-
gular micropores and hexagonal mesopores of this Zr-based MOF,
respectively (Fig. 1b). Additionally, Monte Carlo molecular
modeling calculations [19] confirmed the accessibility of the bulky
molecule fenamiphos inNU-1000 pore structure. Consequently, the
ability of the smaller phosphate ions to diffuse through the pores of
NU-1000 was assumed. The computational results indicated that
the organophosphorous molecules showed preferential adsorption
on the triangular micropores (Fig. 1c). The hexagonal pores
accommodated additional guest molecules at higher values of
loading. (Fig. S4).

Indeed, experimental data confirm the incorporation of both
pollutants, from aqueous solutions, in NU-1000 pore structure. The
solid-liquid adsorption isotherms of aqueous solutions of fenami-
phos and phosphate at 25 �C could be successfully fitted to a
Langmuir model with maximum adsorption capacities of 1.51 mol/
mol (0.7 mmol/g) and 1.46 mol/mol (0.7 mmol/g), respectively
(Figs. S5 and S6). In addition, an aqueous solution of fenamiphos
(0.05 mM, pH ¼ 5.2) or phosphate (0.05 mM, pH ¼ 6.7) was
4

exposed to an equimolecular amount of NU-1000 (108.8 mg/L) in
order to evaluate the adsorption kinetics of these species. Both
processes were fast, showing initial sharp uptakes of 93.1% ± 0.4
and 89.8% ± 6.4 after 30 min, respectively (Figs. S7 and S8). The
experimental data could be fitted to a pseudo-second-order kinetic
model (fenamiphos: k ¼ 0.56 min�1, t1/2 ¼ 2.1 min; phosphate:
k ¼ 0.06 min�1, t1/2 ¼ 16.6 min), suggesting fast diffusion and high
affinity of both phosphorous species with the pore structure.
Indeed, attempts to reversibly desorb fenamiphos or phosphate
from the cavities of NU-1000, by repetitive washing with water
were unsuccessful, supporting strong interactions of both adsor-
bates with the MOF pore channels.

Interestingly, NU-1000 was able to simultaneously capture
fenamiphos and phosphate ions without detriment to the indi-
vidual adsorption performances, showing uptakes of 97.6% ± 0.3
and 85.1% ± 4.8, respectively, after 30 min (Figs. S9 and S10).
Furthermore, NU-1000 exhibited an excellent selectivity toward
the adsorption of fenamiphos in the presence of several in-
terferences typically found in water, such as chloride, sulfate, ni-
trate, and hydrogen carbonate ions (interference:fenamiphos ratio
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5:1) (Fig. 2a). In contrast, the presence of hydrogen carbonate
significantly decreased the phosphate adsorption capacity of NU-
1000 (57.0% ± 3.5) (Fig. 2a). Additional studies revealed that
hydrogen carbonate competition follows a concentration-
dependent trend, leading to a 90% drop of phosphate capture for
the highest assayed ratio (50:1) (Fig. 2b). Notwithstanding, the
hydrogen carbonate to phosphate molar ratio used in these assays
is much larger than typically found in wastewaters (1.5:1) [20]. In
fact, under these more realistic conditions, NU-1000 captures
approximately 75% of phosphate in comparison to deionized
aqueous solutions. Conversely, the adsorption capacity of fenami-
phos by NU-1000 remained unaltered even under the most unfa-
vorable scenario (Fig. 2b). These results are indicative of a different
mechanism for phosphate and fenamiphos adsorption into NU-
1000 pores, paving the way for the selective and independent
recovery of both species.

In this sense, the extraction with ethanol (1 mL) of fenamiphos
and phosphate-loaded NU-1000 led to the complete and selective
desorption of the pesticide after 1 h (Fig. S11). Interestingly, no
traces of phosphate in the ethanolic solution were detected, ruling
out the simultaneous release of both species. The subsequent
treatment with a highly concentrated hydrogen carbonate solution
(2.5 mM, 1 mL, pH ¼ 9.8) leads to the recovery of a significant
amount of phosphate (74.3 ± 3.0%) after 1 h (Fig. S11).

Once both pollutants were recovered, we proceeded to regen-
erate the NU-1000 adsorbent. With this aim, the resulting material
was treated with diluted hydrochloric acid (2.5 mM) to decompose
the entrapped hydrogen carbonate anions. To prove the impact of
the adsorption, desorption, and regeneration treatments on the
structural integrity of the adsorbent, bothNU-1000 solid and eluted
solutions were analyzed by XRPD and UV-spectroscopy, respec-
tively. Although an important loss of crystallinity was observed
(Fig. S12), no leaching of the organic ligand TBAPy was detected
(Fig. S13), confirming the chemical stability of the MOF under the
assayed conditions.

The recyclability of the adsorbent was evaluated over two
additional cycles. The results revealed that NU-1000 maintained
reasonable reusability toward the adsorption of fenamiphos and
phosphate with drops of 20% and 35% between the first and third
cycles, respectively (Fig. S14). Likewise, the selective recovery of
fenamiphos and phosphate followed a similar trend, with respec-
tive desorption rates of 81% and 63% for the third cycle.
Fig. 2. (a) Pollutant adsorption by NU-1000 in the presence of different interferences (interfe
carbonate on the pollutant adsorption by NU-1000 (hydrogen carbonate to pollutant molar r
bars).

5

To date, most of the studies on MOFs for capturing pollutants in
aqueous solutions are limited to batch experiments in static con-
ditions [9e15]. Although these studies allow the comparison of the
behavior of different adsorbents, they are far from real practical
applications. In order to get a more realistic insight into the
performance of NU-1000 toward the adsorption-desorption of
fenamiphos and phosphate, different experiments, under dynamic
conditions on an NU-1000 HPLC packed column, were carried out.
Noteworthy, the concentration of phosphate (0.1 mM) employed
was in the range of those found in eutrophicated waters [21] or
wastewaters [20].

In a typical experiment to evaluate the decontamination
capacity of this adsorbent, an aqueous solution containing an
equimolar mixture of phosphate and fenamiphos as pollutants
(0.1 mM) and hydrogen carbonate as interference (0.5 mM) was
continuously flowed (2 mL/min) through a HPLC-column packed
with NU-1000 (25 mg) (Fig. 3a). First, a good adsorption perfor-
mance for both phosphate and fenamiphos was observed. Indeed,
in the first cycle, fenamiphos followed a steady rhythm of adsorp-
tion with a maximum cumulative uptake of 0.89 mol/mol after
120 min (Fig. 3b). On the other hand, phosphate was quickly
captured, reaching saturation after 20 min (cumulative adsorption
of 0.19 mol/mol) (Fig. 3c). As expected, the adsorption capacity of
NU-1000 toward fenamiphos was superior to the one quantified for
phosphate, probably due to the competitive adsorption of the large
excess of hydrogen carbonate (5 folds).

Regarding the desorption process, the pollutants were spectro-
photometrically monitored in the eluted flow following a similar
strategy than in the batch studies. The pesticide was first recovered
from the column using EtOH as eluent (2 mL/min) while phosphate
ions were released using the above-mentioned hydrogen carbonate
ion-exchange strategy (5 mM, 2 mL/min). The treatment with
ethanol allowed fast desorption of fenamiphos (c.a. 10 min), while
the exchange of phosphate with hydrogen carbonate was
completed in approximately 35 min, bringing to light the strong
affinity of Zr centers of NU-1000 for phosphate anions (Fig. 3b and
c) [22]. Afterward, the adsorbent was regenerated by flowing a
diluted hydrochloric acid solution (5 mM, 2 mL/min) for 30 min.

Finally, in order to evaluate the recyclability of NU-1000
adsorbent, two subsequent dynamic adsorption-desorption cycles
were registered. The results show that the kinetic profiles of both
adsorption and desorption processes are maintained over the
rence to pollutant molar ratio 5:1) (b) Impact of increasing concentrations of hydrogen
atio from 1.5:1 to 50:1). Removal ratio of fenamiphos (green bars) and phosphate (blue



Fig. 3. Adsorption and selective recovery of fenamiphos and phosphate fromwastewater under dynamic conditions. (a) Schematic representation of the experimental setup of NU-
1000 loaded HPLC column for the dynamic studies. (b) Cumulative adsorption (filled markers) and desorption (empty markers) of fenamiphos. Ethanol was used as eluent during
the desorption process (c) Cumulative adsorption (filled markers) and desorption (empty markers) of phosphate. The desorption of phosphate was performed by-exchange with
hydrogen carbonate solution (5 mM). Experimental details: Stainless steel column of 4 mm inner diameter filled with 25 mg of NU-1000. Simulated wastewater to be purified:
0.1 mM of phosphate, 0.1 mM of fenamiphos and 0.5 mM of hydrogen carbonate. Solution for regenerating the adsorbent between cycles: 5 mM of hydrochloric acid. All
experiments were performed at 25 �C and flow rate ¼ 2 mL/min 1st cycle (blue circles), 2nd cycle (red triangles), and 3rd cycle (green squares).
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essayed three consecutive cycles (Fig. 3). Noteworthy, the recovery
ratios were close to 100%, which may be explained taking into ac-
count that, under these dynamic conditions, fresh desorbing agent
(i.e. ethanol or hydrogen carbonate) is continuously in contact with
the adsorbent forcing the desorption of the adsorbate molecules
from the pores. Additionally, ICP-MS analysis over three cycles
demonstrated that no Zr leaching occurred, proving the chemical
stability of NU-1000 under these experimental conditions close to
real water treatments.
4. Conclusions

In conclusion, we have demonstrated the good performance of
NU-1000 as a dual adsorbent of two different P-based water pol-
lutants, namely fenamiphos and phosphate, under dynamic con-
ditions and in the presence of relevant interferences, typically
found in eutrophicated and wastewater. Moreover, taking advan-
tage of the different adsorption mechanisms for these two species,
namely phosphate coordination to the Zr6 metal cluster and fena-
miphos van der Waals interactions with the pore walls, we have
developed a three-step strategy to selectively recover them and
subsequently regenerate the adsorbent. The adsorbent has proved
to exhibit good reusability, allowing the performance of three
adsorption-desorption cycles with recovery ratios close to 100%.
These results represent a step forward toward the application of
MOF materials for wastewater treatment since previously reported
studies are limited to the detoxification of a single phosphorous
pollutant under static batch conditions. Likewise, the phosphate
6

selectively recovered could be reused as a phosphorous fertilizer,
contributing to the P circular economy. On the basis of these results,
we envision that Zr-based MOFs will play an important role in
phosphorous sustainability.
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