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ABSTRACT

The United States Environmental Protection Agency (EPA) recognizes atrazine, a commonly used
herbicide, as an endocrine disrupting compound. Excessive use of this agrochemical results in
contamination of surface and ground water supplies via agricultural runoff. Efficient removal of
atrazine from contaminated water supplies is paramount. Here, the mechanism governing atrazine
adsorption in Zrs-based MOFs has been thoroughly investigated by studying the effects of MOF
linker and topology on atrazine uptake capacity and uptake kinetics. We found that the mesopores
of NU-1000 facilitated rapid atrazine uptake saturating in < 5 min and that the pyrene-based linkers

offered sufficient sites for -7 interactions with atrazine as demonstrated by the near 100% uptake.



Without the presence of a pyrene-based linker, NU-1008, a MOF similar to NU-1000 with respect
to surface area and pore size, removed <20% of the exposed atrazine. These results suggest that
the atrazine uptake capacity demonstrated by NU-1000 stems from the presence of a pyrene core
in the MOF linker, affirming that st-7t stacking is responsible for driving atrazine adsorption.
Furthermore, NU-1000 displays an exceptional atrazine removal capacity through 3 cycles of
adsorption-desorption. Powder X-ray diffraction (PXRD) and Brunauer—-Emmett—Teller (BET)
surface area analysis confirmed the retention of MOF crystallinity and porosity throughout the

adsorption-desorption cycles.

INTRODUCTION

Atrazine, recognized by U.S. Environmental Protection Agency (EPA) as an endocrine disrupting
compound and a possible human carcinogen,'? is the second most used herbicide in the United
States. Annually, the agricultural industry uses approximately 80 million pounds of atrazine to
treat farmland across the nation.* Due to its widespread use, persistency, and environmental
mobility, atrazine ultimately contaminates surface and ground water supplies. To safeguard aquatic
life and human health, the EPA has imposed a maximum contaminant level (MCL) for atrazine in
drinking water of 0.003 ppm (3 ppb).* Therefore, development of an effective method for removing
atrazine from water sources is of utmost importance.

A number of atrazine removal strategies have been reported. Many methods such as coagulation,
chlorination, clarification, and filtration are highly inefficient atrazine removal processes.”” Other
methods including ozonation,® advanced electrochemical,? and UV-based? oxidation processes
display moderate atrazine removal capacity; however, formation of more toxic oxidation by-
products and high operational energy costs limit the widespread implementation of these

techniques. Alternatively, adsorption is an effective, relatively less expensive, and harmless



method, that demonstrates promise in resolving atrazine contamination.”!° Specifically, activated
carbon,!! zeolites,'? resins," clay materials,'* and biochar'> have been examined as sorbents for
atrazine removal. Unfortunately, though widely used, activated carbon is a moderately expensive
strategy for water treatment because the low volumetric capacities necessitate the use of excessive
amounts of sorbent.!®!” Regeneration of porous carbons also remains challenging.”® Further,
carbon-based materials, including carbon nanotubes and porous carbons, often require long
exposure times to reach saturation capacity.!*?° Therefore, a recyclable, high capacity material to
remove organic contaminants from water must be designed to ensure cost efficiency. We anticipate
that the hierarchical porous structure and dense chemical functionality characteristic of metal—
organic frameworks (MOFs) will afford both rapid uptake kinetics and high uptake capacity,
respectively.

The properties displayed by MOFs, namely porosity and crystallinity, make them potential
candidates for atrazine sorption. MOFs are comprised of inorganic nodes and organic linkers that
assemble into multidimensional periodic lattices through coordination bonds.?'?>° Through
judicious choice of node and linker and/or via a host of post-synthetic modification techniques,
these crystalline materials can be chemically and structurally tuned to yield various pore sizes and
shapes, surface areas, and chemical functionality.>*?5 Because of their tailorable properties, MOFs
have been utilized for numerous applications including, but not limited to, gas storage and
separation >3 catalysis,*-¢ drug delivery,’”*® chemical separation,***’ detoxification of chemical
warfare agents,*** and water remediation .-

Importantly, Zrs-based MOFs demonstrate exceptional water stability owing to their strong
Zr(IV)-0 bonds.?*-#6 Therefore, such materials have been investigated for the capture of arsenic,

rhenium, and selenium oxyanions.** 8 Given MOF crystallinity, single-crystal X-ray diffraction



can be utilized to elucidate the binding motif; for example, perrhenate binds at the Zrs-node of NU-
1000 through displacement of the terminal water (-OH,) and hydroxyl (-OH) groups. Further,
MOF linkers can also serve as potential adsorption sites. For example, sorption of aldehyde- over
carboxylic acid-functionalized phenolics in NU-1000 has been attributed to -t interactions
between the analyte and the pyrene-based linker.* Herein, we capitalize on the precise synthetic
designability of MOFs to systematically tune MOF structure and chemical functionality to
investigate the mechanism driving atrazine adsorption from water.

To this end, we chose to investigate atrazine sorption in Zrs-based MOFs with a variety of pore
sizes and linker functionalities. We hypothesized that 57t interactions govern atrazine sorption
and therefore investigated a series of MOFs comprised of linkers with increasingly large
conjugated m-systems (Figure 1). Considering the assortment of linkers, NU-1000 and NU-901,
both of which contain the pyrene-based linker, H,TBAPy, were expected to display the highest
atrazine uptakes. While consisting of the same node and linker, the larger pores of NU-1000
compared to NU-901 were predicted to facilitate diffusion and afford faster atrazine uptake.
Though similar to NU-1000 with respect to surface area and pore size, NU-1008 does not contain
a pyrene-based linker and is expected to exhibit a lower atrazine affinity. Following a preliminary
screening, NU-1000 was fully analyzed to determine its maximum atrazine uptake capacity,

selectivity in the presence of salt, recyclability, and stability to the adsorption-desorption process.
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Figure 1. The structures of a) the Zrs-node, b) atrazine, ¢) linkers for UiO-66, UiO-66-OH, UiO-
66-NH,, UiO-NDC and UiO-67, d) UiO series topology, e) linker for NU-1000 and NU-901 and

f) NU-901 topology, g) linker for NU-1008, and h) NU-1000 and NU-1008 topology.

EXPERIMENTAL DETAILS

Chemicals: All chemicals were purchased from commercial suppliers and used as received.
Specifically, atrazine was purchased from Sigma-Aldrich. Water in all experiments is Milli-Q
(milli-pore). In all HPLC-diode array detector (DAD) experiments, HPLC-grade acetone was used.
All gases were Ultra High Purity grade 5 gases from Airgas Specialty Gases.

General Experimental: UiO-66, UiO-66-OH, UiO-66-NH,, UiO-67, UiO-NDC, NU-901, NU-
1008 and NU-1000 were prepared according to reported protocols.’*2 Detailed syntheses are

provided in the Supporting Information for convenience. All MOF samples were thermally



activated under ultrahigh vacuum at 120 °C for 12 h on a Micromeritics Smart VacPrep. Nitrogen
adsorption and desorption isotherm measurements were collected at 77 K on a Micromeritics
Tristar II. Powder X-ray diffraction measurements were obtained using a STOE STADI MP
equipped with a Ka'1 source and a 1D strip detector over a range of 2°<20<30°. Scanning electron
microscopy (SEM) samples were prepared by drop casting and coated with a ~9 nm thick layer of
0Os0O, using a Denton Desk III TSC Sputter Coater. SEM images were collected on a Hitachi
SU8030. HPLC experiments were performed on an HPLC Agilent 1100 series system coupled
with a diode-array detector (DAD). The reverse phase HPLC column, C18 (Supelco, Ascentis®
C18, 150 mm x 4.6 mm, 5 ym particle) was used with a water/acetonitrile mobile phase (50:50
v/v) at a flow rate of 1 mL min-'. The detector was set to a wavelength of 223 nm and the column
temperature was set to 25°C. HPLC standards were prepared via serial dilution in water. All
experiments were performed in triplicate.

Screening of Atrazine Affinity: Initial experiments were performed to evaluate the atrazine
affinity of Zrs-based MOFs, namely, UiO-66 UiO-66-OH, UiO-66-NH,, UiO-67, UiO-67-NDC,
NU-1008,NU-901 and NU-1000. In a typical experiment, an activated MOF sample (3.5 mg) was
exposed to 10 mL of a 10 ppm aqueous atrazine solution in a 4-dram glass vial. The vials were
agitated at ambient temperature for 24 h to ensure constant mixing and to allow sufficient time to
reach saturation uptake. After 24 h, an aliquot (1 mL) of the solution was removed using a
disposable syringe equipped with a 0.45 pm PDVF syringe filter. The atrazine concentration was
quantified by HPLC-DAD. The amount of atrazine adsorbed by the MOF was determined by
comparing these concentrations to the concentration of a 10 ppm atrazine solution without MOF.

Percent adsorption uptake was calculated using eq 1:

i Ce

Uptake (%) = x 100 (Eq. 1)
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where C; and C, (mg L") are the initial and equilibrium concentrations, respectively.

Kinetic Screening Studies: To investigate the kinetics of atrazine adsorption, samples of NU-
1000 (3.5 mg) were exposed to 10 mL of an aqueous 10 ppm atrazine solution in 4-dram glass
vials. After a designated time (1, 5, 30, 60 and 120 min), 1 mL aliquots were removed with a
disposable syringe equipped with a 0.45 ym PDVF syringe filter. The initial and equilibrium
atrazine concentrations in each solution were determined as previously described via HPLC-DAD.
The amount of atrazine uptake g in mg of atrazine per gram of MOF was determined at each time
point according to eq 2:

(G -CpV

- (Eq.2.)

where C; is the initial concentration (mg L"), C;is the final concentration (mg L"), V is the volume
of solution exposed to sorbent (L), and m is the mass of sorbent (g).

Maximum Adsorption Capacity of NU-1000: To determine the maximum atrazine adsorption
capacity of NU-1000, MOF samples (3.5 mg) were exposed to 10 mL of aqueous atrazine solutions
with atrazine concentrations of 1, 2, 4, 6, or 8 ppm in 4-dram glass vials. After 2 h, aliquots of the
supernatant were removed using a disposable syringe equipped with a 0.45 ym PDVF syringe filter
and analyzed by HPLC-DAD. The amount of atrazine adsorbed by the MOF was determined again
by comparing these concentrations to the concentration of control solutions without MOF.

Effect of Ionic Strength on Adsorption: To investigate the effect of ionic strength on atrazine
adsorption, NU-1000 samples (3.5 mg) were exposed to 10 mL of a 10 ppm aqueous atrazine
solution in 0.1 M sodium chloride, 0.1 M sodium nitrate, 0.1 M sodium sulfate, or 0.1 M calcium
chloride. After 1 h, an aliquot (1 mL) was removed with a disposable syringe equipped with a 0.45
um PDVF syringe filter. The initial and equilibrium atrazine concentrations were determined by

HPLC-DAD.



Regeneration of NU-1000: The regeneration of NU-1000 was explored first by exposing a MOF
sample (10 mg) to 10 mL of an aqueous 10 ppm atrazine solution in a 4-dram glass vial. The
mixture was agitated at ambient temperature for 24 h. The slurry was then centrifuged to allow the
MOF to settle and the supernatant was decanted. The atrazine-saturated NU-1000 sample was then
soaked in 1 mL of acetone and agitated for 12 h. Similarly, this sample was centrifuged to settle
the MOF and the supernatant was decanted. NU-1000 was then soaked again in 1 mL of acetone
for 12 h and then centrifuged to settle the MOF and the supernatant was decanted. Finally, NU-
1000 was dried in a vacuum oven at 80 °C for 12 h. This adsorption-desorption cycle was
performed a total of three cycles.

RESULTS AND DISCUSSION

Screening of Atrazine Affinity: Preliminary studies were performed to investigate the atrazine
affinity of several Zrs-based MOFs (Table 1 and Figure 2). UiO-66, and its derivatives, UiO-67,
and UiO-NDC are composed of 12-connected Zre-nodes and dicarboxylate organic linkers (Figure
la). The linkers in UiO-66, UiO-66-OH, and UiO-66-NH, are 1,4-benzenedicarboxylate (BDC),
2-hydroxy-1.,4 benzenedicarboxylate (BDC-OH), and 2-amino-1,4 benzenedicarboxylate (BDC-
NH,), respectively. These derivatives of UiO-66 were synthesized to evaluate the effect of linker
functional groups on atrazine uptake. Additionally, UiO-67 and UiO-NDC, which feature the
extended linkers biphenyl-4,4'-dicarboxylate (BPDC) and 2,6 napthalenedicarboxylate (NDC),
respectively, were chosen because their linkers contain larger -systems compared to the UiO-66
series which may contribute to greater atrazine uptake. To further investigate the role of -7
interactions in the adsorption process, NU-1000 and NU-901 which consist of Zrs-nodes and the
pyrene-based linker, 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H,TBAPy), were examined (Figure

1b). The framework of NU-1000 is characterized by 12 A triangular and 31 A hexagonal 1D



channels connected by small windows (~8 A);% whereas NU-901 displays diamond-shaped 1D
channels with an aperture of 12 A.

In a traditional screening experiment, an activated MOF sample was exposed to an aqueous
atrazine solution. UiO-66 and UiO-66-NH, were found to adsorb a mere 2% of the total atrazine
in solution, and UiO-66-OH adsorbed only 3%. Such low uptake amounts suggest that atrazine is
unable to diffuse into the small pores of UiO-66 and its derivates and could only adsorb to the
particle surface. Additionally, the hydrogen bonding potential of the functional groups did not
increase the atrazine adsorption capacity likely because atrazine cannot displace the water
molecules hydrogen bonding to the functional groups on the linkers (i.e. -NH,, —OH) while the
MOFs are submersed in water. The extended linker of UiO-67 increases the pore size facilitating
diffusion and offers more atrazine adsorption sites as demonstrated by a moderate atrazine removal
efficiency of 40%. While the pores of UiO-NDC are slightly smaller than those of UiO-67, the
MOF displays a higher atrazine removal capacity (54%) presumably due to the increased m-7
interaction potential of the naphthalene linker.

Upon incorporation of a pyrene-based linker, the atrazine removal capacity dramatically
increased. NU-901, while it has smaller pores than both UiO-67 and UiO-NDC, removed 84% of
the atrazine in the solution to which it was exposed. This high atrazine removal efficiency can be
attributed to the pyrene core of the H,TBAPy linker which enhances the removal capacity through
the increased availability of st-7t interactions. Of all MOFs investigated, NU-1000 demonstrated
the most efficient atrazine adsorption behavior removing 95% of the atrazine in solution. In
comparison to the pores of NU-901, the hexagonal pores of NU-1000 are larger further enhancing
diffusion and increasing the atrazine capacity per pore. To confirm pore size was not the primary

factor contributing to the enhanced atrazine uptake in NU-901 and NU-1000 compared to the UiO



MOFs, NU-1008 was examined. NU-1008 has similar pore size and surface area to NU-1000;
however, its linker does not contain a pyrene moiety. The low atrazine removal capacity of NU-
1008 (13%) reinforces that s~ interactions between atrazine and the pyrene-based linker present
in NU-1000 and NU-901 are the primary interactions driving atrazine adsorption.

Table 1. The surface areas, pore sizes, and approximate pore apertures of Zrs-based MOFs
screened for atrazine adsorption. * Reported pore aperture sizes of UiO series MOFs are measured

for the node-to-node distance of the tetrahedral pore.>*

MOF Surface Area (m? g) Pore Size (A) Pore Aperture (A)?
Ui0-66 1690 12 and 16 7.5
Ui0-66-NH, 1410 13 7.5
Ui0-66-OH 1210 11 7.5
Ui0-67 2510 13 and 23 12
UiO-NDC 1960 12 and 20 9
NU-1008 1400 14 and 30 14 and 30
NU-901 2110 12 12
NU-1000 2210 12 and 30 12 and 30
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Figure 2. Atrazine adsorption uptake as a percentage of the total amount of atrazine exposed to
MOF samples (3.5 mg of MOF exposed to 10 mL of 10 ppm atrazine solution under ambient

conditions for 24h).

Kinetic Studies: Rapid uptake of the target contaminant is critical in evaluating the feasibility of
water purification methods given that large amounts of liquid must be treated efficiently. To this
end, the kinetics of atrazine adsorption in UiO-NDC, NU-1008, NU-901 and NU-1000 were
investigated. Specifically, MOF samples were exposed to identical 10 ppm atrazine solutions and
the concentration of atrazine in solution was analyzed at several time points (Figure 3). Within 1
min, NU-1000 captures 93% of the atrazine in the test solution equivalent to 98% of its saturation
uptake. The rapid atrazine uptake kinetics are most likely attributed to the periodicity of the MOF
lattice, the large pores of NU-1000 that facilitate diffusion, and the easily accessible and highly
abundant pyrene-based linkers. NU-901 displays slightly slower kinetics than NU-1000, reaching
85% of its saturation uptake within 1 min to capture 75% of the exposed atrazine. While NU-901
displays rather efficient uptake, the slower saturation is believed to stem from the framework’s

smaller pores in comparison to NU-1000. Similarly, within 1 min, UiO-NDC removes 44% of the
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exposed atrazine, and while this is a relatively low uptake amount, it is equivalent to 82% of the
atrazine saturation capacity of UiO-NDC. Of the MOFs investigated, NU-1008 exhibits the
slowest kinetics capturing only 69% after its saturation capacity within 1 min equivalent to a mere
9% of the exposed atrazine. If pore size was the main contributing factor, the kinetics of atrazine
uptake in NU-1008 should exceed those of both UiO-NDC and NU-901; however, this is not the
case. Comparing NU-1000 and NU-901 suggests that pore size contributes slightly to rapid uptake
saturation; however, the availability of s interactions present in NU-1000, NU-901, and UiO-
NDC are primarily responsible for driving rapid atrazine uptake given the pore sizes vary
dramatically between the three MOFs. These results suggest that pore size and the availability of

T7-7¢ interactions at adsorption sites concomitantly influence atrazine capture kinetics.
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Figure 3. a) Atrazine adsorption isotherms as percent (%) uptake of atrazine exposed versus time
for various MOFs. b) Atrazine adsorption isotherms as normalized percent (%) of respective

saturation uptake versus time for various MOFs. Insets show the uptake between O and 5 min.
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Adsorption Capacity of NU-1000: The exceptional and rapid atrazine adsorption demonstrated
by NU-1000 prompted us to determine its maximum atrazine uptake capacity. To do so, MOF
samples were exposed to aqueous solutions with various atrazine concentrations. Adsorption
isotherms were constructed for each exposure concentration by determining the amount g of
atrazine (mg) adsorbed by the MOF (g) at various time points using eq 1. The equilibrium atrazine
concentration in solution was determined by HPLC-DAD and used to calculate the amount of
atrazine adsorbed at equilibrium. A Type-I Langmuir fit (Figure S5) revealed a maximum atrazine
uptake capacity of 36 mg of atrazine per gram of NU-1000 (Figure S5, Table S1, and Table S2).2:
5361 The associated Langmuir constant (K;) value of 1.78 L mg! low time to saturation for atrazine
adsorption in NU-1000 indicates that NU-1000 displays a greater affinity for atrazine and more
favorable sorption kinetics than most materials reported for atrazine adsorption (Table 2).

Table 2. Comparison of Langmuir constant values reported for atrazine adsorption on various
materials reveals that NU-1000 outperforms most reported materials with respect to uptake

capacity and sorption kinetics.

K. Langmuir Time to

Adsorbents Constant S . Reference
(L mg") aturation

NU-1000 1.78 < 1 min This work
Carbon nanotube — r-MWNT 1.47 (at 25°C) 6 h 36
Carbon nanotube - SMWNT20 0.96 (at 25°C) 6 h %
Multiwalled carbon nanotubes 0.7710 7h 20
Biochar - CS450 0.618 (at 25°C) N/A 37

Polyacrylic acid-functionalized magnetic

or()iere()i mesoporous carbon (P-M%VIC) 02058 24h ”
Biochar - ADPCS450 0.196 (at 25°C) N/A 37
Treated banana peels 0.12 (at 25°C) 15h 60
Ordered mesoporous carbon (OMC) 0.1130 24 h &2
Magnetic ordered mesoporous carbon 0.1089 24 h s

(MMC)
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Sludge-based activated carbon-like

. 0.05 10 h 61
material

Effect of Ionic Strength on Adsorption: Equally important as rapid saturation and high uptake
capacity is selectivity for the target contaminant even in the presence of competing interferents.
Given their abundance in water sources, sodium chloride, sodium nitrate, sodium sulfate, and
calcium chloride were used to investigate the selectivity of NU-1000 for atrazine in the presence
of competing ions (Figure 4). As such, MOF samples were exposed to a 10 ppm aqueous atrazine
solution or a 10 ppm aqueous atrazine solution in 0.1 M NaCl, NaNO;, Na,SO,, or CaCl,. NU-
1000 was found to remove 94% of the atrazine from pure water and 93%, 92%, 97%, and 97% of
the total exposed atrazine from the 0.1 M NaCl, 0.1 M NaNOs;, 0.1 M Na,SO,, and 0.1 M CaCl,
solutions, respectively. Therefore, the presence of competing salts does not significantly affect the
atrazine affinity of NU-1000 suggesting NU-1000 may be a promising material for adsorptive

atrazine removal.

0.1 M CaCl,

0.1 M Na,SO,

0.1 M NaNQO,

0.1 M NaCl

Blank

0 20 40 60 80 100
Percent Uptake

Figure 4. NU-1000 maintains its atrazine affinity in the presence of competing salt ions.
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Regeneration and Stability of NU-1000: A sorbent’s cost efficiency can be significantly
enhanced if the material can be regenerated after adsorption and reused for many additional
adsorption-desorption cycles. Atrazine is highly soluble in acetone (31 g L-'at 25 °C); therefore,
this solvent was chosen to study the recyclability of NU-1000.°2 In a typical experiment, a MOF
sample was loaded with atrazine and then treated with acetone at room temperature. Through three
cycles of the adsorption-desorption process, NU-1000 efficiently removed atrazine without
significant decrease in efficiency (Figure 5a). Moreover, through this process, the structural
integrity and porosity of NU-1000 are retained as demonstrated by powder X-ray diffraction

patterns (PXRD) (Figure 5b) and N, adsorption-desorption isotherms (Figure S8), respectively.
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Figure 5. Through three cycles of atrazine adsorption and regeneration with acetone, a) NU-1000
shows only a slight decrease in atrazine uptake and b) retains its bulk structural integrity as

demonstrated by PXRD.
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CONCLUSION

In summary, we capitalized on the synthetic tunability of MOFs to systematically investigate
the role of chemical functionality, specifically st-system size, in the adsorptive removal of atrazine
from water. In preliminary screenings, the atrazine affinity of a selection of Zr-based MOFs with
various linker m-system sizes and chemical functionality, framework topologies, and pore sizes
was assessed. NU-1000, NU-901, and UiO-NDC displayed the highest atrazine affinities
suggesting that st-7t interactions are the primary contributor to atrazine adsorption. A thorough
investigation of atrazine uptake kinetics in UiO-NDC, NU-901, NU-1008, and NU-1000 further
corroborated that the presence of linkers with extended st-systems, rather than large pores results
in the exceptional atrazine uptake demonstrated by NU-1000. Additionally, NU-1000 was found
to reach its maximum capacity within 1 min likely due to the framework’s large pores which
facilitate diffusion and the abundance of potential 77t interaction sites at the pyrene-based linkers.
NU-1000 was fully evaluated for atrazine adsorption and found to have a maximum adsorption
capacity of 36 mg of atrazine per g of NU-1000. Although this capacity is comparable to that of
other sorbents that have been used for atrazine adsorption, 98% of its saturation atrazine uptake is
attained within 1 min, again because of rapid diffusion through the hierarchically porous MOF
structure. Moreover, in the presence of competing salt ions, NU-1000 maintains its atrazine
affinity. Furthermore, after atrazine adsorption, NU-1000 can be easily regenerated by acetone
washing while retaining at least 99% of its original atrazine uptake. Given that its large pores and
pyrene-based linkers facilitate rapid and exceptionally high atrazine uptake, NU-1000 is a

promising candidate for adsorptive atrazine removal.
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