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Abstract

This work reports for the first time the use of MOF-808 for the adsorption of glyphosate from a diluted herbicide formulation
(Roundup®). MOF-808 was synthesized in organic solvent (MOF-808(DMF)) or in water (MOF-808(H,0)) to compare the
influence of textural characteristics on the adsorption process. In addition, the adsorption performances of these materials
were compared to those of the UiO-66 and UiO-66(NH,) series materials, which have the same SBU, allowing us to evaluate
the influence of the topicity and functionalization of the ligand on the adsorption capacity of glyphosate. MOF-808 showed
the highest adsorption capacity, reaching a q,,,,, equal to 277.01 mg g~', and good kinetic performance, removing 70.3%
of the glyphosate from solution in 10 min and 99.5% after 3 h of contact. MOFs UiO-66 and UiO-66(NH,) had lower q_,,,
values than MOF-808, possibly due to the blockage of their narrow pores by GLY, which prevents them from accessing Zr
sites. The results showed an important relationship between the hydrodynamic diameter and the pore size distribution with

access to active sites, consequently influencing the adsorption performance of these porous materials.
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1 Introduction

The use of pesticides to improve efficiency and reduce costs
in crop production has been growing alongside the demand
for food [33]. The herbicide currently most consumed world-
wide is glyphosate (GLY, N-(phosphonomethyl)glycine)
[41]. This organophosphate is a nonselective systemic herbi-
cide with a broad spectrum of activity and is a phosphonate
amino acid derived from glycine that contains phosphonate
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(-PO(OH),), carboxylate (-CO,H) and amino (-NH) groups
[4, 11, 51].

The active compound of the Roundup® commercial for-
mulation GLY was introduced to the market by the Mon-
santo Company in 1974 for the control of weeds in agricul-
tural fields [34]. After being administered in plantations and
leached into the soil by the action of rainwater, GLY can be
biodegraded, immobilized in minerals, become biologically
inactive, or reach groundwater and tributaries [50], where its
half-life will depend on several factors, such as soil condi-
tions and temperature [41].

Given the harm to human health resulting from exposure
to this herbicide [3, 10, 46], several strategies have been
developed for water decontamination, including photodeg-
radation [49], membrane filtration [26], biodegradation [22],
advanced oxidative processes and adsorption [26], which
is one of the most studied and viable techniques for this
purpose [24]. Among the adsorbent materials with the best
performance in GLY adsorption are metal-organic frame-
works (MOFs), which have emerged as promising materials
for this application [14, 21, 23, 38, 42, 57].

MOFs are coordination polymers of the type coordination
networks [6] with high crystallinity and permanent porosity
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[13], even after removal of guest molecules from their pores
as synthesis solvents [19]. The possibility of modifying the
textural characteristics of these materials, such as changes in
pore size and chemical environment, makes them interesting
for applications in gas storage, drug delivery, membranes,
sensors, catalysts, and mainly processes involving adsorp-
tion [15, 29].

Some of these properties make MOFs promising adsorp-
tion materials. The main advantage arises from the high
availability of active sites (in the inorganic units or in the
ligands), which can be accessed, even inside the particles,
through the pores of the material, whose size can be regu-
lated by the length and/or topicity of the chosen ligand or
by network defect induction techniques (hierarchical MOF)
[17, 27, 44, 56]. It is also possible to use functionalized
ligands [9, 17] or to perform postsynthetic functionalization,
maintaining the crystalline network, generating intraporous
active sites, and adapting to the chemical characteristics of
the adsorbate [5, 35].

Since 2015, dozens of networks have been evaluated for
GLY adsorption in aqueous environments. Zhu et al. [57]
were the pioneers in this application of the UiO-67 MOF
based on the use of zirconium knots (ZrMOF) and a GLY
adsorption capacity equal to 537 mg g~!, a value that sur-
passed that of zeolites, mesoporous silicas, biochar, gra-
phene and other reported non-MOF materials at that time
[39]. In the following years, the NU-1000 MOF, contain-
ing the same UiO-67 secondary building units (SBUs) but
using a long-chain tetradentate ligand, reached a capacity
of 1516 mg g™, a value still not surpassed by that of other
materials [38]. Studies of MOFs functionalized with short
carboxylate ligands, functionalized or not, with the metals
chromium ((NH,)MIL-101(Cr)), iron (MIL-101(Fe)) and
titanium (MIL-125-Ti) have also been reported, reaching
maximum values of 440 mg g_1 [17, 30, 36].

Among the best performing MOFs, ZrMOFs already
reported have an SBU containing a Zr, cluster that strongly
interacts with the phosphonate group of GLY, acting as a
Lewis acid center [16, 38, 57]. The affinity between these
groups increases with the number of Zr-OH-Zr bonds in the
SBU and with the induction of defects due to the missing
ligand coordinated to the cluster [38, 57].

In this work, we report for the first time the use of MOF-
808 for the adsorption of GLY from a diluted commercial
herbicide formulation (Roundup®), bringing the results
closer to real application. MOF-808 contains the same
Zrg cluster as do UiO-67 and NU-1000 MOFs, but its six
ligands (trimesic acid and tritopic) coordinate to the SBU,
leading to a spn network topology with a reported pore
diameter of approximately 18 A. In addition, MOF-808
was synthesized by two experimental routes (in organic
solvent and water) to evaluate the adsorption capabilities
of the same MOF with different textural characteristics.
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We also compared these results with those of the UiO-66
series, where the topicity of the ligand (terephthalic acid
— ditopic) was reduced, changing the network topology
(fcu) and the access of the adsorbate to the active sites.
Finally, we investigated whether the use of an amino-
functionalized ligand would increase the efficiency of
adsorption.

The pseudo-first order, pseudo-second order and
Weber—Morris models were applied to the adsorption
kinetics results. We also fit the Langmuir and Freundlich
models to the adsorption isotherms to determine the equi-
librium involved in this process.

2 Experimental
2.1 Materials

The reagents used were used as received. Zirconium chlo-
ride IV (ZrCly, > 98%), trimesic acid (H;BTC, >95%),
2-aminoterephthalic acid (H,BDC-NH,, >99%), tereph-
thalic acid (H,BDC, >98%), hydrochloric acid (HCI, 37%)
and acetone (PA) were obtained from Sigma—Aldrich Co.
N-N-dimethylformamide ((CH;),NCH, >99.8%) and
absolute ethanol (C,HO, >99.5%) were obtained from
Dindmica Quimica Contemporanea LTDA. Methanol
(CH;0H, >99.8%) and acetic acid (CH;COOH, >99.5%)
were obtained from Neon Comercial Reagentes Analiticos
LTDA. Chloroform (CHCl;, > 99.8%) was obtained from
Vetec Quimica Fina Ltda. The Roundup® commercial
glyphosate (N-(phosphonomethyl)glycine, 480 g/L) was
purchased from Monsanto do Brasil LTDA.

2.2 Synthesis of ZrMOFs
2.2.1 MOF-808(DMF)

MOF-808(DMF) was synthesized following the methodol-
ogy described by Xu et al. [52]. ZrCl, (1.05 g, 4.5 mmol)
was dissolved in 45 mL of acetic acid, and H;BTC (0.31 g,
1.5 mmol) was dissolved in 45 mL of DMF under soni-
cation for 30 min. These solutions were mixed and kept
under an ultrasound bath for another 30 min, and the
obtained solution was transferred to a high-pressure reac-
tor lined with Teflon and kept at 120 °C for 72 h. The
obtained white solid was washed with acetone four times
and dried at 100 °C for 12 h, followed by activation in
CHCI; at 50 °C for three days, with chloroform renewed
once a day. Finally, activation was performed by heating
at 120 °C for 24 h under vacuum.
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2.2.2 MOF-808(H,0)

MOF-808(H,0) was synthesized following the procedure
described by Liu et al. [31]. H;BTC (210 mg, 1.0 mmol),
acetic acid (10 mL), deionized water (10 mL), ZrCl,
(700 mg, 3.0 mmol) and concentrated HCI (100 pL) were
added to a round bottom. The mixture was stirred and heated
at 110 °C for 18 h. The resulting white solid was separated
by centrifugation and washed in distilled water for one day
under stirring at room temperature, after which the water
was changed once a day. Then, the MOF was suspended
in 1 mol/L HCI and stirred for 12 h at 90 °C. Finally, the
MOF was separated by centrifugation, washed three times
in water, three times in absolute ethanol and dried under
vacuum at 120 °C for 24 h.

2.2.3 Ui0-66

Ui0O-66 was synthesized using a method adapted from Cavka
et al. [8]. ZrCl, (0.053 g, 0.227 mmol) and H,BDC (0.034 g,
0.227 mmol) were dissolved in DMF (24.9 g, 340 mmol) at
room temperature in an ultrasound bath. The obtained solu-
tion was transferred to a Teflon-lined high-pressure reactor
at 120 °C for 24 h. The product was washed with DMF three
times and centrifuged. MOF activation was performed in
methanol for 24 h under stirring at room temperature, fol-
lowed by centrifugation and activation at 120 °C for 24 h
under vacuum.

2.2.4 UiO-66(NH,)

UiO-66(NH,) was synthesized following the proce-
dure adapted from Chavan et al. [9]. ZrCl, (0.3956 g,
0.227 mmol) and H,BDC-NH, (0.3074 g, 0.227 mmol)
were dissolved in 46 mL of DMF (24.9 g, 340 mmol) and
39 uL of deionized water in an ultrasound bath. Then, the
solutions were mixed and kept under ultrasound for 10 min
and transferred to a high-pressure reactor lined with Teflon
at 100 °C for 72 h. The resulting white solid was separated
by centrifugation and washed three times in DMF (40 mL),
followed by solvent exchange in water under stirring for 2 h
at 85 °C. Finally, the solid was dried at 60 °C for 24 h under
vacuum.

2.3 Glyphosate adsorption tests

For commercial glyphosate adsorption tests, a 0.1 mol/L
stock solution was prepared by dissolving 3.48 mL of
Roundup® in 100 mL of distilled water. This stock solu-
tion was diluted from 0.025 to 1.0 mmol/L, and the result-
ing solutions were subjected to adsorption tests. The kinetic
properties of the adsorption process were investigated from
the residual concentration of GLY in solution. For this

purpose, the residual phosphorus content was determined
via inductively coupled plasma—optical emission spectrom-
etry (ICP—OES), and its concentration was associated with
the glyphosate concentration. All tests were performed in
triplicate.

2.3.1 Kinetic tests

The GLY adsorption kinetics were evaluated by adding 5 mg
of each MOF to 25 mL of a 0.1 mmol/L GLY solution. The
samples were agitated on a shaking table at 180 rpm and
22 °C for specific durations, ranging from 10 min to 5 h.
The MOFs were removed from the solutions by centrifuga-
tion after each test. The adsorbent mass ratio was 0.2 g/L of
solution. The adsorption capacity of GLY on the MOFs at
each time was calculated from Eq. 1:

q,=(Co-C)V/W (1)

where g, is the adsorbed amount (mmol g~!); C, and C, cor-
respond to GLY concentrations (mmol L) at initial time
and time 7(min), respectively; V is the volume (L) of GLY
solution used; and W is the mass (g) of adsorbent used [57].

2.3.2 Adsorption equilibrium

For the adsorption equilibrium test, 25 mL of GLY solution
at different concentrations (0.025 to 1.0 mmol L") were
stirred with 5 mg of each MOF for 4 h at 22 °C and 180 rpm.

2.3.3 Data analysis of GLY adsorption tests

The kinetic adsorption properties of the materials were
investigated. The results were adjusted to pseudo-first order,
pseudo-second order and Weber and Morris intraparticle dif-
fusion models by linearized Eqgs. 2 to 4, respectively:

In(q, — q,) = Inq, — kit )
t/q,=1/kyq> +1/q, 3)
q, = Kot™* +1 )

g, and ¢, (mg g~!) are the amounts of GLY adsorbed by
ZrMOF at equilibrium and at time (¢), respectively; &, is the
PFO adsorption rate constant (min~"); k, is the PSO adsorp-
tion rate constant (g mg~' min~'); K, is the intraparticle
diffusion coefficient (g mg~' min~"3); and I is the linear
intercept related to diffusion resistance (mg g_l) [2].

The adsorption equilibrium data were fitted to the Lang-
muir and Freundlich models using the respective linearized
equations (Egs. 5 and 6), where
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Ce/qe = l/qmuxKL + Ce/qmax (5)
1

logq, = ;logCe + logKy 6)

C,(mg/L) is the GLY concentration at equilibrium, g,,,,,
(mg/g) is the maximum adsorption capacity needed to reach
the K; constant; related to the availability of binding sites
with GLY in the Langmuir model, K} is the representative
constant of the adsorption capacity coefficient, and n is the
adsorption intensity in the Freundlich model [43, 47].

2.4 Instrumentation

The degree of material crystallization was evaluated via
X-ray powder diffraction (PXRD) analysis at room tempera-
ture with a Shimadzu model XRD-6000 diffractometer with
Cu-K, radiation (A=1.5418 A), and the diffraction angle
(28) varied from 5 to 50° in 0.01° intervals at a voltage of
40 kV and current of 30 mA. Thermogravimetric analysis
(TGA) and differential thermal analysis (DTA) were carried
out in a Shimadzu TM TA-60WS apparatus under an inert
atmosphere at a heating rate of 10 °C min~! and a gas flow
rate of 100 mL min~! to a maximum temperature of 900 °C
in Al,O5 crucibles. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS) were per-
formed using a JSM-6610 microscope. Transmission elec-
tron microscopy (TEM) was performed using a Jeol-JEM
1400 apparatus (Japan) at 120 kV. N, adsorption and des-
orption isotherms were obtained at -196 °C with an ASAP
2020 V304 e-serial 1200 instrument. Specific surface areas
were calculated using the Brunauer—-Emmett—Teller (BET)
equation. The cumulative pore volumes and pore size distri-
butions were obtained using the nonlocal density functional
theory (NLDFT) method. Dynamic light scattering (DLS),
and zero charge potential (p.,) analyses were performed
using the Zetasizer advance Lab Blue (Malvern) instrument
equipped with a blue laser (A=466 nm) and a detection
angle of 6=90° at 25 °C. The quantification of glyphosate

Fig.1 PDRX patterns of (a)

was performed by determining phosphorus through the
ICP—OES technique using a Perkin-Elmer Optima 3000
spectrometer in axial view mode and with a phosphorus
emission line at 213.617 nm. The plasma was operated at
1300 W, with an argon flow (L min~!) of 15 for the plasma
gas, 0.2 for the auxiliary gas and 0.8 for the nebulizer.

3 Results and discussion
3.1 Characterization of ZrMOFs

The PXRD patterns obtained for the synthesized ZrMOFs
are shown in Fig. 1. All the samples had high crystallinity
and peaks corresponding to the 1,002,672 (MOF-808) and
733,458 (UiO series) standards indexed at the Cambridge
Crystallographic Data Center, confirming the reproduction
of the compounds.

The TGA for the ZrMOFs revealed three important
mass loss events (Fig. 2). The first stage is evidenced by
the endothermic peak in the DTA curve at approximately
100 °C, corresponding to the loss of intrapore water, which
is physiosorbed in the ZrMOF channels. A large mass loss
corresponding to water is expected for MOF-808, which is
known to be highly hygroscopic [20].

The second mass loss event corresponds to the removal
of solvents trapped inside the pores or coordinated to the
SBUs and to the dehydroxylation of the zirconium oxo-
clusters [1, 45]. This step occurs during heating in the
region between the dehydration of ZrMOFs and their ther-
mal decomposition. MOF-808 and UiO-66(NH,) have a
considerable amount of solvent in the network, approxi-
mately 17% by mass (Table 1). The third mass loss corre-
sponds to the breaking of bonds between the benzene ring
of the ligand and the SBU, the decomposition of the ligand
into CO and CO,, the formation of ZrO, and the conse-
quent loss of the crystalline network [40]. Since there are
no well-defined plateaus separating the second from the
third event, it is inferred that they occur simultaneously as

() (b)

MOF-808 synthesized in DMF
and in water and (b) UiO-66
and UiO-66(NH,) compared
to the corresponding patterns
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Fig.2 TGA (continuous line) and DTA (dotted line) results for
ZrMOFs

the sample is heated; therefore, the network starts decom-
posing during the removal of the auxiliary ligand (solvent
and/or modulator) [9]. The exothermic peaks of DTA at
approximately 550 °C indicate alteration of the crystal-
line phase of the material, which is expected due to the
decomposition of the crystalline network with subsequent
formation of ZrO,, which is the residue [9]. In the case
of UiO-66(NH,), the DTA curve does not show ligand
decomposition due to the thermolability of aminotereph-
thalic acid, which gradually decomposes in the MOF net-
work at relatively low temperatures compared to UiO-66.
Therefore, we estimated that the decomposition tempera-
ture was 300 °C, as reported in the literature [18]. After
the third event, no plateau is achieved in the formation of
residual ZrO, for all the ZrMOFs [9, 31, 52]. The tempera-
ture and mass percentage attributed to each thermal event
are listed in Table 1.

The synthesized ZrMOF exhibited high thermal stabil-
ity, maintaining its crystalline network up to approximately
400 °C, except for UiO-66(NH,), which was stable up to
300 °C. These values are slightly lower than those reported
in previous works, possibly due to structural defects [18]. To
investigate the presence of these defects in ZrMOFs by TGA,
the observed molar ratios between the metal and ligand
were compared to the expected values already reported.
Table 2 presents the molar ratios observed in the thermo-
gravimetric data, as previously reported by Reinsch et al.
[40], and compared to the theoretical values for each MOF.
The metal content was estimated by the residue formed at
900 °C and the linker by the mass loss in the third thermal
event. All ZrMOFs exhibit some degree of ligand-based
defects, which are expected for those synthesized in acetic
acid,these defects act as modulators by coordinating with
the SBU and preventing network growth [31]. The presence
of defects leads to larger pores than in the respective ideal
structure [16, 18].

The ZtMOF morphology observed by SEM (Fig. 3) was
not well defined, as particles, except for MOF-808(H,0),
were highly aggregated and spherical in shape. From the
TEM images, edges and vertices of crystals of the MOF-
808(DMF) and UiO-66 series can be observed, indicating
the formation of octahedral crystals [28, 42, 52]. Further-
more, MOF-808(H,0) exhibited the largest particles.

N, adsorption/desorption isotherms, cumulative pore
volumes and pore size distributions are shown in Fig. 4. All
the analyzed materials exhibited type I isotherms according
to the International Union for Pure and Applied Chemistry
(IUPAC) classification (Fig. 4a) [53]. This profile is charac-
terized by significant N, adsorption at low relative pressures
(w/py<0.05) due to the strong adsorbent-adsorbate interac-
tions in the micropores of these materials. MOF-808(H,0)
showed two micropore distributions (Fig. 4b), with the
smallest pore sizes between 1.0 nm and 1.3 nm and the sec-
ond largest distribution with micropore sizes between 1.4 nm

Table 1 The temperature

N 1st event 2nd event 3rd event

range (approximately) and

percentage of thermal mass MOF T (°C) Weight loss (%) T (°C) Weight loss (%) T (°C) Weight loss (%)

loss are presented in the TG

analysis of MOF-808(DMF), MOF-808(DMF) upto95 20.4 95—380 17.8 380—630 20.2

MOF-803(H20), UiO-66 and MOF-808(H,0) upto 130 40.3 130—450 10.8 450—650 12.4

UiO-66(NH,) Ui0-66 upto95 14.8 95435  8.11 435611 33.1
UiO-66(NH,) upto90 14.1 90—300 16.8 300—610 21.9

Table 2 Expected and MOF MOF-808(DMF) MOF-808(H,0) Ui0-66 UiO-66(NH,)

observed molar ratios of

Zr/linker deduced from Expected reason*’ 6:2 6:2 1:1 1:1

thermogravimetric experiments Observed reason 6:1.9 6:1.4 1:0.7 1:0.4
Thermal stability (°C) 380 450 435 300

@ Springer
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Fig.4 a Nitrogen adsorption and desorption isotherms obtained at -196 °C, b pore size distribution obtained by NLDFT and (c) variation in the

zeta potential as a function of pH for ZrMOFs

and 1.9 nm. This profile causes two changes in the inclina-
tion of the isotherm at low pressure (Fig. 4a), indicating sat-
uration of the narrowest pores followed by the widest pores.
An analogous profile was observed for MOF-808(DMF), but
the pore size distributions ranged from 0.8 nm to 1.1 nm and
from 1.2 nm to 1.9 nm. The greater amount of larger pores
observed for MOF-808(H,0) compared to MOF-808(DMF)
and for UiO-66(NH,) compared to UiO-66 may be related
to the presence of defects (absence of ligand), as indicated
in Table 2 [42].

The isotherms of UiO-66 and MOF-808(DMF) show a
significant increase in N, adsorption at relative pressures
close to 1 (Fig. 4a), which is common in materials whose

@ Springer

particles are agglomerated, as observed in the SEM images
of these MOFs. In summary, Table 3 presents the textural
characterization data of the ZrMOFs, their specific surface
area (Sggr), and total pore volume.

The BET area of MOF-808(H,0) is larger than that of
MOF-808(DMF), possibly due to the synthesis and activa-
tion methods used, ensuring the formation of defects, and
unclogging of the MOF pores during solvent removal, as
also shown by the TGA data. The formation of defects in
the UiO-66(NH,) network was caused by the thermolysis
of the ligand during purging before N, adsorption analysis,
possibly giving this MOF a larger BET area than UiO-66
[18].
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Table.?a Specific surfac.e area (Sggr) and to.tal pore volume of the 20 4 I \IOF-808(DMF)
materials. Hydrodynamic diameter measured in water and PdI values [ VOF-808(H,0)
18 ’
MOF Sper (M2 g™) Viu(ecm®  Hydro- PdI = o
) dynamic X 16+ 10-66(NH)
diameter °
(nm) %
MOF- 725.70 0.646 277.0 0.395 'C&
808(DMF) IS
MOF- 1990.08 0.786 596.5 0.588 s
808(H,0) 2
UiO-66 766.56 0.509 439.4 0.483 @
UiO-66(NH,) 1248.31 0.519 480.4 0.537

The hydrodynamic diameter of the MOFs in water and
the polydispersity index (PdI) measured by dynamic light
scattering are also presented in Table 3. MOF-808(H,0)
exhibited the largest particle size obtained by hydrody-
namic diameter, and MOF-808(DMF) had the smallest
particle size. ZrMOFs exhibit an intermediate polydis-
persity index, and some reported works correlate MOF
particle size with dispersion stability [12, 32]. MOFs with
larger particle sizes tend to have lower hydrodynamic sta-
bility and consequently higher PdI. These data corrobo-
rate the SEM images where MOF-808(H,0) has a larger
particle size than the other ZrMOFs.

The potentiometric titration curves as a function of pH
(Fig. 4c) show an isoelectric point close to pH 6 for the
MOF-808(DMF), UiO-66 and UiO-66(NH,) samples. In
the range of pH 5.9-6.2, the three samples have practically
neutral surface charges. However, MOF-808(H,O) has an
isoelectric point at pH ~ 8 and a positive surface charge at
lower pH values.

3.2 Adsorption of GLY by ZrMOFs
3.2.1 Adsorption kinetics

Glyphosate has a zwitterionic nature. At the pH of the
adsorption tests (below 5.8), it is in its anionic forms
(GLY™ and GLY?") thus, electrostatic interactions with
the positive surface of ZrMOFs favor the adsorption pro-
cess [16]. Confirming what was expected, the ZrMOFs
showed excellent Roundup® removal capabilities from
the aqueous system analyzed. The percentage of residual
GLY in the solutions was reduced by approximately 70%
after just 10 min of contact with MOF-808 (DMF) in
combination with the diluted Roundup® herbicide solu-
tion, reaching 99.5% after 5 h (Fig. 5). Although MOF-
808(H,0) has the same crystal lattice, it is kinetically
slower at removing GLY; it removes 70.3% of the GLY
after only 60 min of contact, but it statistically achieves
the same performance at equilibrium. The UiO-66 series

0 10 20 30 60 120 180 300
Time / min

Fig.5 Percentage of residual glyphosate in test solutions after
adsorption by ZrMOFs at contact times ranging from 10 to 300 min

achieved a 68% reduction in GLY concentration after 5 h
of contact.

The adsorption isotherms show the adsorption capaci-
ties (q,) obtained as a function of time (Fig. 6a). MOF-
808(DMF) reaches 69.3% of its g, in 10 min and 82.8% in
30 min. As the adsorption process is a surface phenom-
enon, the number of sites exposed to the adsorbate is one
of the main factors that accelerates adsorption [30]. Since
adsorbent-adsorbate contact initially occurs on the exter-
nal surface of a material, the smaller the MOF particle size
is, the greater the number of external sites exposed to the
adsorbate [47]. Pankajakshan et al. [38] reported that the
particle size of ZrMOFs was inversely proportional to the
adsorption capacity of GLY when investigating particles
ranging from 100 to 2000 nm. Given the smaller hydrody-
namic diameter of MOF-808(DMF) in water compared to
that of other ZrMOFs, the excellent kinetic performance
of MOF-808(DMF) is justified by the greater number of
exposed external sites when the material is dispersed in
aqueous media [38, 57].

UiO-66 and UiO-66(NH,) showed almost the same per-
formance overall (Fig. 6a), with amino functional groups
reaching higher adsorption percentages after up to 30 min.
Possibly, this better performance was associated with the
greater number of pores with a larger diameter (1.3 nm),
which facilitates internal diffusion since they have approxi-
mately the same hydrodynamic diameters. The presence of
the amino group did not influence the adsorption capacity
of the UiO-66 series, indicating that GLY-MOF interactions
do not occur via interactions with this group. Notably, in this
work, the pH was not regulated during the adsorption tests
because we used GLY from the dilution of the commercial
herbicide Roundup®, bringing the test conditions closer to
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Fig.6 a Glyphosate adsorption capacity as a function of contact time with ZrMOFs. The initial glyphosate concentration was 0.1 mmol/L, the
pH was 5.6-5.8, and the temperature was 22 °C. b Pseudo-first order model, ¢ Pseudo-second order model and (d) intraparticle diffusion model

conditions close to those of agricultural application. There-
fore, the amino group did not influence the adsorption capac-
ity of UiO-66(NH?2) to the detriment of UiO-66 under the
test conditions. Other studies achieved better performance
using functionalized ligands but under strongly acidic pH
conditions [17].

As the adsorption sites are occupied, the MOF pores
become obstructed, the adsorption rate decreases, and
adsorption equilibrium is reached. For MOF-808(DMF),
Ui0-66 and UiO-66(NH,), equilibrium is reached within
2 h, and for MOF-808(H,0), equilibrium is reached within
3 h, possibly due to the intrapore larger active sites, since
internal diffusion is slower than adsorption on the exter-
nal surface, as observed for MOF-808(DMF), UiO-66 and
Ui0-66(NH,).

Adsorption kinetics provide important information about
process speed, adsorbent performance and mass transfer
mechanisms [47]. The pseudo-first order, pseudo-second

@ Springer

order and Weber—Morris intraparticle diffusion models were
applied to the isotherm data, and the results are shown in
Fig. 6b—d, respectively; their respective kinetic parameters
are listed in Table 4. In all the cases, the PSO model better
fits the experimental results, both by analyzing the coeffi-
cient of determination and by the values of q, calculated
by the model associated with the values obtained experi-
mentally. The PSO model indicates that ZrMOFs have an
abundant number of adsorption sites, with chemisorption
being the determining step in the rate of adsorption of GLY
[16, 37].

The Weber—Moris intraparticle diffusion plots (Fig. 6d)
show two stages for the adsorption of GLY on ZrMOFs,
represented by two linear segments. The first stage is attrib-
uted, as previously reported, to diffusion in the boundary
layer where GLY is transferred from the solution (external
mass) to the surface of the ZrMOFs [57]. The second stage is
attributed to the internal diffusion of GLY through the pores
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Table 4 Kinetic parameters for the adsorption of glyphosate on ZrMOFs

MOF Pseudo-first order model Pseudo-second order model Intraparticle diffusion model
kLmol™) g (mgg) R k, (min™) g, (mgg™) R K; I(mgg™h R’
MOF-808(DMF) 0.016 12.88+1.10 0.997 0.200 92.85+4.53 0.999 0.272 86.89 0.810
MOF-808(H,0) 0.015 67.96+1.31 0.827 0.065 95.06 +5.67 0.996 0.803 77.19 0.999
Ui0-66 0.011 23.52+1.80 0.611 0.062 67.94+3.42 0.997 0.502 55.20 0.635
UiO-66(NH,) 0.012 13.25+1.63 0.795 0.136 62.46+4.68 0.998 0.386 55.79 0.973

of the ZtMOFs. According to the WB model, the intersec-
tion of the segments with the origin of the graph indicates
that the process rate is exclusively controlled by the intrapar-
ticle diffusion step, which does not occur during the adsorp-
tion of GLY by ZrMOFs [37]. However, MOF-808(H,0)
exhibited a greater inclination in the second stage than did
the other ZrMOFs (Table 4), as indicated by its larger pore
diameter, which allowed GLY to internally diffuse through
the MOF pores. During adsorption, the pores of the other
ZrMOFs are possibly obstructed, as they are narrower, hin-
dering the internal diffusion of GLY [42].

It is worth noting that the different topologies of the
ZrMOF network, arising from the different ligand topici-
ties, generate networks with different pore sizes. Simply
changing from a ditopic (BDC) to a tritopic ligand (BTC)
leads to an increase in the pore aperture and diameter [53],
allowing the entrance of larger guests or more molecules
from the same guest. The largest dimension of the GLY
molecule (8.7 Ax4.5 Ax4.6 A) [56] is smaller than that
of MOF-808 pores, which, in theory, allows GLY diffusion
through the pores to reach the internal adsorption sites.
For the UiO-66 series, adsorption possibly occurred on
the outer surface of the material since the pore size of the
MOF was smaller than the largest dimension of the GLY,
possibly leading to pore clogging and a reduction in the
adsorption rate. Tao et al. [42] reported greater adsorp-
tion capacities of GLY for UiO-66 when they synthesized

hierarchical structures (HUiO) with mesopores reaching
7.5 nm. These MOFs reached an adsorption capacity of
400 mg g~! for GLY due to the increase in pore size and
consequent increase in the availability of adsorption sites
in the material [42].

3.2.2 Adsorption isotherms

The isotherms have an extremely favorable format for
adsorption (Fig. 7a), and the mass of adsorbate retained
per unit mass of adsorbent is high for a low equilibrium
concentration of adsorbate in the liquid phase [39].

From the parameters obtained, as shown in Table 5, the
Langmuir model better fit the experimental data (Fig. 7b)
once the coefficient of determination (R?) was higher for
all the MOFs, suggesting that there was no difference in the
affinity of the MOF active sites for GLY, given the homo-
geneity in the distribution and type of active sites predicted
by the model. The K; constant is related to the affinity of
the adsorbent-adsorbate interaction, and MOF-808(DMF
and H,0) has a greater affinity for glyphosate than does
the UiO-66 series since they exhibit the highest K; values.
Even when these ZrMOFs have the same SBUs, the pore
size influences the strength of the adsorbent-adsorbate inter-
action. Pankajakshan et al. [38] verified by theoretical cal-
culations that MOF NU-1000 has a greater GLY adsorption
energy than UiO-67 and a smaller interatomic distance in the
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Fig.7 Isotherms for the adsorption of glyphosate on ZrMOFs (a). Graphs corresponding to the (b) Langmuir and (¢) Freundlich adsorption
models. Adsorption conditions: 25 °C, pH 5.5, and glyphosate concentration=0.1 mmol/L
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Table 5 Parameters of the

. . MOF Langmuir model Freundlich Model

Langmuir and Freundlich

models for glyphosate K, Lmg™") g mggh R? Kp(mg!™Lhg™) n R?

adsorption on ZrMOFs
MOF-808(DMF) 0.412 273.22+7.38 0998 85294 3.523+0.023  0.880
MOF-808(H,0)  0.397 277.01+14.1 0999 77.465 3.172+0.014 0.758
Ui0-66 0.094 244.49+5.14 0987 41.098 2.761+0.038 0.970
UiO-66(NH,) 0.171 144.30+6.07 0.997 40.567 3.882+0.029  0.905

Zr-OP bond because larger pore sizes allow greater interac-
tions between the adsorbate and SBU [38].

The calculated q,,,,, value indicated that the small BET
area found for MOF-808(DMF) was compensated for by
its hydrodynamic diameter, which promoted high expo-
sure to its active sites; moreover, the larger particle size
of MOF-808(H,0) was compensated for by its larger BET
area. The presence of large pores is important for GLY to
reach active sites, and at the end of equilibrium, even with
different textural characteristics, both MOF-808 exhibit
approximately the same performance in removing the her-
bicide, regardless of the synthesis procedure adopted.

With respect to UiO-66 and UiO-66(NH,), the larger
BET area of UiO-66(NH,) and its larger pores do not lead
to higher values of q,,.. In the adsorption of large mol-
ecules such as GLY, the specific surface area is an impor-
tant factor in the adsorption capacity but is not decisive
[7]. In this case, even with a larger BET area, the pores of
UiO-66(NH,) are as narrow as those of UiO-66, and the
small number of larger pores (approximately 1.3 nm) is not
enough to allow GLY access to the interior of the mate-
rial. We assumed that pore obstruction occurred in both
materials and that the determining factor for q,,,, was the
hydrodynamic diameter, which favored UiO-66.

The q,,,,, values calculated by the Langmuir model were
compared with the results obtained for GLY adsorption by
other MOF materials reported over the years (Table 6).
Research on the application of MOFs for GLY adsorp-
tion started in 2015 with the work of Zhu et al. [57].
Since then, MOFs of different metals designed to reach
mesopores have been reported for such applications.

Interestingly, although the performance of some ZrMOFs,
such as NU-1000 and UiO-67, in GLY adsorption is excel-
lent, the linkers of these MOFs are expensive, increasing the
difficulty of large-scale application.’® Approximate values of
these linkers, with purities above 97%, are shown in Table 7
and were obtained in September 2023.

Even though there is variation in values due to dol-
lar exchange fluctuations or differences in the brands of
these reagents, it is notable that the NU-1000 and UiO-67
ligands are more than 320 and 30 times more expensive,
respectively, than the MOF-808 ligand, which performed
better in this work. MOF-808 has excellent removal
capacity for commercial GLY herbicides, as determined
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Table 6 Maximum glyphosate adsorption capacities calculated by the
Langmuir model for the MOFs

MOF Qinax (Mg 27 Reference
Ui0-67 537.00 (298 K) [57]
Ui0-67/GO 482.69 (298 K) [54]
(NH,)MIL-101(Cr) 64.25 (298 K) [17]
Fe,0,@Si0,@Ui0-67 256.54 (298 K) [55]
NU-1000 1517.00 (298 K) [38]
MIL-101(Fe) 379.98 (318 K) [30]

NH, -MIL-101(Fe) 501.46 (318 K) [30]
UiO-66 (hierarchical MOF) 400.00 (298 K) [42]
CuO@MIL-101(Fe) 240.20 (293 K) [25]
Ui0-67 (T2 — hierarchical) 322.58 (298 K) [16]
NH,-MIL-101 @BC (NMBCg,) 186.71 (323 K) [481%
MIL-125-Ti (hierarchical) 440,90 (298 K) [36]°
MOF-808(DMF) 273.22 (298 K) This work
MOE-808(H,0) 277.01 (298 K)

Ui0-66 244.49 (298 K)

UiO-66(NH,) 144.30 (298 K)

by analyzing the ratio of q,,,, to the cost of synthesis.
Based on these results, it is necessary to investigate the
optimal conditions for the synthesis and adsorption of
MOF-808 to make its application viable for the treatment
of water contaminated with GLY.

4 Conclusions

The adsorption of GLY by MOF-808, which was synthe-
sized under different synthesis conditions, was evalu-
ated. The differences in the textural properties of MOF-
808 did not reflect the maximum adsorption capacity of
GLY for the material. However, a smaller particle size
ensured better kinetic performance for MOF-808(DMF),
which may be interesting for applications in which quick
removal of organophosphate from solution is desirable.
MOFs UiO-66 and UiO-66(NH,) had lower q,,,, val-
ues than did MOF-808, possibly due to the blockage of
their narrow pores by GLY, which prevents them from
accessing Zr sites. This indicates that increasing the
linker topicity and consequently forming larger pores
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j;;'e{ hﬁfﬁ?ﬁf‘zﬂ&%ﬁ o mor Linker CAS Value ($) (100 g)
quoted in 2023 NU-1000 4,4' 4" A"-(Pyrene-1,3,6,8- tetrayl) 933047-52-0 28,722,00
tetrabenzoic
UiO-67 4,4'-biphenyldicarboxylic acid 787-70-2 2708,00
UiO-66(NH,) 2-aminoterephthalic acid 10312-55-7 582,00
MOF-808 benzene-1,3,5-tricarboxylic acid 554-95-0 90,00
Ui0-66 terephthalic acid 100-21-0 57,00

is a strategy to improve the adsorption performance of
MOFs with the same SBU, avoiding the use of longer
and more expensive linkers. As expected, the presence
of the amino group in UiO-66(NH,) did not influence the
adsorption of GLY in the UiO-66 series, indicating that
hydrogen bonding interactions are not the main interac-
tions between GLY and the ZrMOFs in this work.
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