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ABSTRACT

The adsorptive removal of atrazine, an agricultural herbicide, from water by three water stable
MOFs; ZIF-8, Ui0-66 and UiO-67 and a commercial activated carbon, F400, was investigated.
UiO-67, ZIF-8 and F400 were found to remove up to 98% of the atrazine from water, whereas
UiO-66 is found to be ineffective. In an exceptional performance compared to the other
adsorbents considered in our study, UiO-67 removed 98% of atrazine from water within only 2
minutes, whereas ZIF-8 and F400 took over 40 and 50 minutes, respectively, to remove the same
amount of atrazine. Upon regeneration of UiO-67, minimal loss of adsorption capacity was

observed, affirming its effective use for atrazine removal from water.
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1. INTRODUCTION
Contamination of surface and ground water with herbicides is a major concern due to the hazards
these chemicals pose to the environment and humans.'” Atrazine, 6-chloro-N-ethyl-N’-(1-
methylethyl)-1,3,5-triazine-2,4-diamine, is one of the most commonly used herbicides in
agriculture and is listed as an endocrine disrupting compound by the US Environmental
Protection Agency.® As a result of extensive use, atrazine has been found in drinking water
supplies and groundwater.® Therefore, the removal of atrazine from environmental water has
become of interest.

The removal of atrazine from drinking water is known to be challenging and difficult.” Several
conventional treatment techniques have been used, such as coagulation/flocculation, filtration

and chlorination. While these conventional techniques do not effectively remove atrazine,®”
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advanced removal technologies; such as ozone-based oxidation,’
nanofiltration and adsorption'! are found to be promising. In particular, adsorption based
removal of atrazine from water is attractive due to the ease of operation, low initial cost and the
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by-product-free removal process.'? Activated carbon,'® surface modified activated carbon,'*

organo-zeolites,” clay minerals modified with a cationic surfactant,'> carbon nanotubes,'¢ surface

1718 activated carbon/iron oxide composites,! zeolite-rich

oxidized multiwalled carbon nanotubes,
tuffs'® and banana peel based sorbent?® have been studied for the adsorptive removal of atrazine
so far.

Metal-organic frameworks (MOFs) are hybrid inorganic-organic crystalline materials built by

the self-assembly of inorganic metal ions and organic ligands through coordination bonds.?' Due

to their intriguing properties, such as tunable pore size and shape, versatile chemical



functionality, high surface area and porosity and the abundance of active sites, MOFs are
considered as promising adsorbents for liquid phase separation and purification applications.??2¢

Exploring novel adsorbents for efficient removal of atrazine is still of great significance. To
the best of our knowledge the adsorptive removal of atrazine from aqueous solutions using
MOFs has not been investigated. In this study, we considered three MOFs for the removal of
atrazine; ZIF-8,>” UiO-66 and UiO-67,”® due to their excellent water, chemical and thermal
stabilities. Zeolitic imidazolate framework-8 (ZIF-8) is formed by zinc metal ions linked by 2-
methylimidazole ligands and has 11.6 A pores accessible through 3.4 A apertures. UiO-66 and
UiO-67 are isostructural Zr-based MOFs. UiO-66 is formed by hexanuclear zirconium
(ZréO4(OH)4) clusters and 1,4 benzene-dicarboxylate (BDC) linker’3?° which possess 11 A
octahedral pores and 8 A tetrahedral pores which are accessed by apertures of 5 and 7 A,
respectively.?*3? Ui0-67 consists of 4,4” biphenyl-dicarboxylate (BPDC) linker instead of BDC,
and therefore presents larger pores compared to UiO-66 (i.e. 12 A tetrahedral and 16 A
octahedral pores).>! The chemical structure and physicochemical properties of atrazine as well as
structural models of ZIF-8, UiO-66 and UiO-67 are given in Figure 1 and Table 1. For

comparison purposes, we also included a commercially available activated carbon, Filtrasorb-

400 (F400), in our study.
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Figure 1 Chemical structure of atrazine (top) and the structural models of ZIF-8, UiO-66 and
Ui0O-67 (bottom, from left to right) showing their pore sizes. Color code: carbon (black), oxygen

(red), nitrogen (blue), zinc (orange) and zirconium (cyan).

Table 1 Physicochemical properties of atrazine

Chemical Solubility in water LogKow? pK.*? Molecular
Formula Dimensions*
(mg/L)73?
CsH14CINs 33 2.67 1.85 94x84x32A

*as measured with ChemBioOffice 2014-Chembiodraw3D (Cambridge Soft Corporation)

2. MATERIALS AND METHODS

2.1. Chemicals
Zinc nitrate hexahydrate (Zn(NO3)2.6H20, 98%, Sigma Aldrich), 2-methylimidazole (C4HsN>,

Sigma Aldrich), zirconium chloride (ZrCls, Merck), terephthalic acid (BDC for synthesis, C¢Ha-



1,4-(CO2H)2,, VWR International), 4,4’ biphenyl dicarboxylic acid (BPDC, Sigma Aldrich),
sodium hydroxide solution (NaOH, Sigma Aldrich), atrazine (Cayman Chemical, >98), N,N
dimethylformamide (DMF, Sigma Aldrich, SIAL, >99.8), methanol (HPLC Grade, Fisher
Scientific), absolute ethanol (Merck), hydrochloric acid (HCI, 36.5-38 %, Sigma Aldrich) and
sulphuric acid (H2SO4, Sigma Aldrich, 95-98 %) were purchased and used as received. F400 was
supplied by Chemviron Calgon.

2.2. Syntheses procedures of ZIF-8, UiO-66 and UiO-67
ZIF-8 was prepared based on the procedure reported by Fu et al.>* 3.0 g of zinc nitrate
hexahydrate was dissolved in 60 mL of methanol and 8.3 g of 2-methylimidazole was dissolved
in 60 mL of methanol separately. The two solutions were then mixed together in a 250-mL glass
jar. The mixture was then sonicated for 15 minutes at 70°C and a milky white solution was
obtained. The ZIF-8 powder was collected by washing with methanol by centrifugation (Thermo
Scientific, Sorvall-Legend X1R) at 10000 rpm for 10 minutes several times and dried at 100°C
overnight under vacuum (Heraeus Instruments Vacutherm, VT6025 Vacuum Oven and Pump-
PC3001 VarioPro, Vario).

UiO-66 and UiO-67 were prepared according to the procedures reported by Katz et al.>>->¢ For
Ui0-66, 125 mg of zirconium chloride, 5 mL of DMF and 1 mL of concentrated HCl were
placed in a glass bottle and ultrasonicated for 20 minutes until completely dissolved. 123 mg of
terephthalic acid and 10 mL of DMF were then added to the mixture and sonicated for further 20
minutes. The consequent mixture was then placed in an oven at 80 °C overnight. The resulting
white solid was separated from the mother liquor and washed with DMF 2 times (2 x 30 mL)
followed by washing with ethanol 3 times by centrifugation. Finally, the sample was dried in a

vacuum oven at 90 °C overnight to obtain UiO-66 crystals.



For UiO-67, 335 mg of zirconium chloride was dissolved in 25 mL of DMF with 2.5 mL HCI
for 20 minutes ultrasonication. 450 mg 4,4’ biphenyl dicarboxylic acid and 50mL of DMF were
then added to the solution and sonicated for 20 minutes. The vials were heated at 80 °C in an
oven for 24 h. After cooling, the white solid was washed twice with DMF followed by 3 times
with acetone by centrifugation. The solid was finally dried in a vacuum oven at 90 °C overnight
to give UiO-67 as a white powder.

2.3. Characterization of the adsorbents
The crystallinity of ZIF-8, UiO-66 and UiO-67 was confirmed by powder X-ray diffraction
(PXRD). PXRD patterns of the materials were obtained using a Bruker-AXS D4 machine with
Cu Ka radiation (AL = 1.5418 A) in transmission mode and in the range of 5°<20<50° with a step
size/width of 0.05° and a scan rate of 2 s/step. N> adsorption measurements of ZIF-8, F400 and
UiO-67 were conducted on a Micromeritics Tristar porosity analyser and that of UiO-66 was
performed on a Quantachrome Autosorb I1Q MP Physisorption Analyser at 77 K to assess the
BET surface area, total pore volume and the pore size distribution. 70 mg of each sample were
weighed and then degassed at 150 °C for ZIF-8, UiO-67 and F400 overnight and at 120 °C for
Ui0O-66 for 16 hours under vacuum prior to analysis.

2.4. Adsorption Experiments
A stock solution of atrazine was prepared by dissolving 25 mg of atrazine in 1 L ultrapure water
(18 M.Q.cm) using ultrasonication followed by magnetic stirring until completely dissolved. The
solutions of desired concentrations for calibration standards and batch adsorption experiments
were obtained by diluting the atrazine stock solution with ultrapure water. A calibrated
micropipette was used for this purpose in order to ensure accuracy. All adsorption experiments

were carried out at 25 °C.



To study the efficiency of the adsorbents for the removal of atrazine, 5 to 150 mg of each
adsorbent was added to 25 mL of atrazine solution with an initial concentration of 25 mg L.
The glass vials with these solutions and adsorbents were placed in an incubator shaker (SCQuip)
and the solutions were shaken at 250 rpm for 24 hours at 25°C. Control experiments were also
carried out without adding adsorbents. All experiments were duplicated, and the mean values are
reported in this study. After 24 hours, the control solution and samples were filtered through a
syringe filter (cellulose membrane, 0.2 pm, Sartorius Minisart Syringe Filter). The atrazine
equilibrium concentrations were measured using a HPLC Shimadzu LC2010HT system which
consists of a binary pump, a column thermostat, an auto sampler and a UV-Vis detector. The
reverse phase HPLC column, C18 (Hichrom, ACE 5 C18, 150 mm x 4.6 mm, 5 pm particle) was
used with a water/methanol mobile phase (45:55% v/v) at a flow rate of 1 mL/min. The detector
was set at 223 nm wavelength and the column temperature was set to 25°C.

Atrazine concentrations in the stock solution and in the filtrate, were calculated by comparing
the obtained peak area corresponding to atrazine with respect to the calibration standard. The
efficiency of atrazine removal (in %) by the adsorbent was determined by the following
equation:

Co—C
Removal (%) = —=

x 100 (1)

e

where Co (mg L) is the initial concentration and C. (mg L) is the residual concentration of
atrazine in the stock solution and filtrate, respectively.

Adsorption isotherms of atrazine in ZIF-8, UiO-67 and F400 were measured. For this purpose,
15 mg of ZIF-8, F400 and UiO-67 were weighed into 25 mL atrazine solutions with initial
concentrations between 2 and 25 mg L™ in glass vials. Samples containing adsorbent and the

control sample (25 mL of atrazine solution without adsorbent) were then shaken at 250 rpm and



25°C for 24h in the incubator shaker. Then the samples and control sample were filtered off with
a syringe filter. HPLC was used to measure the initial and residual atrazine concentrations in
water. Finally, the amount of adsorbed atrazine was calculated by using the mass-balance
equation.’’

Q, = M (2)

m
where Q. (mg g!) is the amount adsorbed per unit mass of adsorbent at equilibrium, Co and Ce
(mg L) are the initial and the equilibrium concentrations of atrazine, respectively, V (L) is the
volume of the atrazine solution and m (g) is the weight of the adsorbent used.

Freundlich,*® Langmuir®® and Langmuir-Freundlich***' adsorption models were considered to

describe the isotherms, which are given in (3), (4) and (5), respectively,

1
InQ, = InKy + (ﬁ) InC, 3)
1 1 1 1
e omlate @
_ QmXxC XK,
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where K¢ ((mg g!) (L mg™!)"N) is the Freundlich adsorption constant, N is the degree of non-
linearity and adsorption intensity of the adsorbents, Qm (mg g'!) is the Langmuir maximum
adsorption capacity and K. (L mg™) is the Langmuir adsorption constant.

To study the adsorption kinetics of atrazine, 150 mg of ZIF-8, UiO-67 and F400 were
separately weighed into glass vials which contained 25 mL of atrazine solution at an initial
concentration of 25 mg L', Afterwards, the glass vials were placed in the incubator shaker and
were shaken at 250 rpm at 25°C. Samples were collected at frequent time intervals (2 min, 5 min,
10 min, 15 min, 30 min, 45 min, 60 min, 90 min and 120 min), filtered through a syringe filter

and placed in HPLC vials to be analysed by HPLC to determine the concentration of the atrazine



at any time in the solution. The amount of adsorbed atrazine on the adsorbents was calculated by
using the following mass-balance relationship.

g =L=xV ()

m
where Q; (mg g'!) is the amount adsorbed per unit mass of adsorbent at time t, Co (mg L) is
initial liquid-phase concentration of atrazine at time=0, C; (mg L) is the residual concentration
of atrazine at time t.
To explore the adsorption kinetics in UiO-67 and ZIF-8 (kinetics of UiO-66 are omitted owing

to its poor removal efficiency) the pseudo first order*? and pseudo-second order kinetic models*

are calculated by Eqgs (7) and (8), respectively, and are represented in linearized form as follows:

In(Q. — Q,) =In(Q,) —k; Xt (7)
t__t .t
Q: kyx0Q,2 Qe

where Q; (mg g!) and Q. (mg g!) are the amounts of atrazine adsorbed at time t (min) and at

(8)

equilibrium, respectively; ki (min™) is the pseudo first order rate constant and k» (g mg!' min™) is
the pseudo second order rate constant. The pH of the solution was adjusted using 0.01 M
sulphuric acid or 0.01 M sodium hydroxide solution in order to study the effect of pH on
adsorption.

3. RESULTS AND DISCUSSION

3.1. Characterization of adsorbents

The phase purity of the synthesized materials and the crystalline stability of UiO-67 after
atrazine adsorption uptake were characterised by PXRD. As shown in Figure S1, the simulated
and experimental PXRD patterns of UiO-67, UiO-66 and ZIF-8 are in good agreement, which

confirms their successful preparation.



N> adsorption isotherms at 77 K for Ui0-67, UiO-66, ZIF-8 and F400 are shown in Figure S2.
BET surface areas and pore volumes are given in Table 2, and pore size distributions are
presented in Figure 2. UiO-67 has the highest surface area and pore volume among the four
adsorbents, followed by ZIF-8, UiO-66 and F400. Pore size distributions, which were determined
by density functional theory (DFT) analysis***, reveal that UiO-67 possesses both micropores
and mesopores (i.e. > 20 A, due to defects), whereas ZIF-8 and UiO-66 possess only micropores.

Table 2. Surface and pore size characteristics of ZIF-8, UiO-66 and activated carbon (F400).

Materials Surface Area, Total Pore Micropore Volume
m?/g? Volume, cm?/g? cm’/g
ZIF-8 1875 0.714 0.660
Ui0-66 1640 0.656 0.621
Ui0-67 2345 1.249 0.930
F400 1135 0.584 0.241

 Calculated within 0.005-0.20 relative pressure (P/P,) range,

b Estimated at a relative pressure of 0.95
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Figure 2. Pore size distributions of a) ZIF-8, b) F400, ¢) Ui0-67 and d) UiO-66.

3.2. Effect of Adsorbent Amount on the Removal of Atrazine
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Figure 3 shows the removal efficiency of atrazine with increasing amounts of adsorbent amount
in a 25 mg L atrazine solution. At 2.4 mg mL"! adsorbent concentration, both UiO-67 and F400
remove more than 90% of atrazine; whereas, ZIF-8 removes 60% of the atrazine and UiO-66
removes 20% of the atrazine present in the solution. At 6 mg mL™! adsorbent concentration, all
adsorbents except UiO-66 removes 98% of the atrazine.

The effectiveness of UiO-67 compared to UiO-66 in removing atrazine may be attributed to
the presence of larger pores in UiO-67 (Figure 2¢ and Table 2). Furthermore, the pore apertures
of UiO-66 may not be large enough to allow atrazine to access its pores. On the other hand,
although atrazine is not expected to enter the pores of ZIF-8 due to its narrow pore aperture, ZIF-
8 stills effectively removes almost all atrazine from water. This may be due to the
hydrophobicity of ZIF-8* which blocks water adsorption in significant amounts and promotes
adsorption of the hydrophobic atrazine molecules possibly on the external surface. In contrast,
the hydrophilic character of UiO-66 makes it ineffective at removing of atrazine from water even

by surface interaction.*-4’
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Figure 3. The effect of adsorbent amount on the removal efficiency of atrazine from water

(atrazine concentration, 25 mg L™).

3.3. Kinetics of Atrazine Adsorption
Adsorption of atrazine as a function of time was measured in ZIF-8, UiO-67 and F400 at an
adsorbent concentration of 6 mg mL"! (UiO-66 was not considered due to its poor removal
efficiency). At this concentration, these three adsorbents removed 98% of atrazine from the
solution (Figure 3). Figure 4 shows the percentage removal efficiency of atrazine as a function of
time. UiO-67 removes atrazine much faster than the other two adsorbents, reaching 98% removal
in just 2 minutes. In contrast, ZIF-8 removes only 46% of the atrazine in 2 minutes and requires
40 minutes to reach 98% atrazine removal. The removal kinetics of F400 was even worse with
less than 20% atrazine removal in 2 minutes and requiring 50 minutes to reach 98% removal
rate. This faster kinetics of UiO-67 can be attributed to the higher pore volume and larger pore
aperture size of UiO-67 compared to the other adsorbents studied.

The kinetics of atrazine adsorption was analyzed by pseudo first order and pseudo second
order models (Figures S3 and S4). The calculated kinetic parameters and correlation coefficients
are given in Table S1. Kinetics of atrazine adsorption in UiO-67 and ZIF-8 are well represented
by the pseudo second order model (Figures S3a and b). The pseudo second order kinetics
indicate possible chemisorption of atrazine in UiO-67 and ZIF-8.*** On the other hand, kinetic
data of atrazine adsorption in F400 was better represented by the pseudo first order model

(Figure S3c).
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Figure 4. Removal efficiency as a function of time (150 mg of adsorbents was placed in contact

with 25 mL solution of an initial atrazine concentration of 25 mg L)

3.5. Adsorption Isotherms of Atrazine
Adsorption isotherms of atrazine on UiO-67, ZIF-8 and F400 are given in Figure 5. Adsorption
equilibrium data were fitted to different isotherm models mentioned in the methodology section.
Isotherm model parameters are given in Table S2. Freundlich model gives the best fit for atrazine
adsorption in UiO-67, while Langmuir-Freundlich model and Langmuir model give the best fits
for ZIF-8 and F400, respectively. Within the atrazine concentration range studied, the
gravimetric adsorption capacity of UiO-67 and F400 are about 2.5 times larger than that of ZIF-8
(Figure 5). ZIF-8 has a larger total pore volume than F400; however, it adsorbs much less
atrazine. This is because of the narrow pore aperture of ZIF-8 (3.4 A) which is small to
accommodate atrazine (Table 1); therefore, atrazine is expected to only be being adsorbed on the
surface. While F400 and ZIF-8 isotherms reach saturation, it is clear that the UiO-67 isotherm is

far from saturation and can adsorb more atrazine owing to its larger pore volume compared to
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F400 and ZIF-8. Due to the low solubility of atrazine in water it is not possible to prepare
solutions with higher equilibrium concentrations to probe the maximum atrazine adsorption

capacity of UiO-67.
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Figure 5. Adsorption isotherm of atrazine in UiO-67, ZIF-8 and F400 and the Langmuir

adsorption model fits (lines).

3.6. Effect of pH on Adsorption of Atrazine
Table 3 shows the change in the amount of atrazine adsorbed with respect to varying pH which
was obtained by 50 mg of each adsorbent added in to 25 mL atrazine solution at an initial
concentration of 25 mg L. It was found that the pH of the solution does not have a significant
effect on atrazine adsorption. This may be due to the fact that the neutral form of atrazine in
aqueous solution is dominant over the protonated form.!” Overall the insensitivity of the atrazine
adsorption to the changes in pH indicates that the adsorption of atrazine is not governed by
electrostatic interaction, but rather hydrophobic interactions and m-m interactions between the

heterocyclic rings of atrazine and the aromatic carbons in the ligands of UiO-67, ZIF-8 and UiO-
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66 and the pore walls of F400. In a similar experimental study of adsorption of micropollutants
(including atrazine) in activated carbon, Nam et al. (2014) pointed out that hydrophobic
interaction between micropollutants and activated carbon is the dominant mechanism of
adsorption for hydrophobic compounds.

Table 3. The effect of pH on atrazine adsorption by the studied MOFs and F400.

pH Adsorbed Amount (mg atrazine / g adsorbent)
ZIF-8 Ui0-66 UiO-67 F400
2.8 6.27 2.69 10.45 12.28
4.5 6.28 2.02 11.87 12.09
6.9 (initial pH) 6.78 2.57 10.96 13.73
8.9 6.19 1.71 10.04 11.53
9.8 6.69 1.89 10.95 12.64

3.7. Regeneration and Stability of UiO-67
In order to probe its reusability, UiO-67 was regenerated by washing with copious amount of
acetone and stirring at 25°C and 250 rpm followed by removal of acetone and heating at 90°C.
Three consecutive atrazine adsorption/desorption cycles were conducted and regenerated UiO-67
showed no significant decrease in adsorption capacity compared to fresh UiO-67. At the end of
the third adsorption cycle UiO-67 lost less than 10% of its original adsorption capacity (Figure
6). This result shows that UiO-67 can be used for the removal of atrazine for several times.

To further investigate the stability of regenerated UiO-67 to the process, N2 adsorption-
desorption isotherms of the UiO-67 regenerated via washing with acetone were measured (Figure
7a). As seen in Figure 7a, the BET surface area was not significantly changed after regeneration

in acetone indicating that adsorbed atrazine was successfully desorbed, and the textural
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properties were retained. PXRD pattern observed for atrazine adsorbed UiO-67 upon solvent
exchange to acetone from water followed by thermal activation at 90°C was identical to the
starting materials (Figure 7b). These results suggest that the crystallinity of UiO-67 was
conserved under the conditions studied and for comparison, the simulated PXRD pattern of UiO-
67 was also included. Moreover, SEM images of UiO-67 before adsorption of atrazine and
regenerated UiO-67 in acetone after adsorption of atrazine confirms that no morphology change
was observed in regenerated UiO-67 (Figure 8). Overall, the regenerated UiO-67"s crystallinity,
textural properties and morphology were pleasingly retained without collapsing the structure,

which suggests that UiO-67 has potential for atrazine removal from water.

30

Q mg/g
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Adsorption Cycles

Figure 6. Reusability of UiO-67 for atrazine removal after acetone washing (Ci= 25 mg L' and

15 mg adsorbent)
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Figure 7. (a) N adsorption-desorption isotherms of prepared UiO-67 and regenerated UiO-67 in
acetone followed by thermally activated and (b) PXRD patterns of starting UiO-67 before
adsorption of atrazine, regenerated after atrazine adsorption and the simulated PXRD pattern of

Ui0-67 is also included for comparison.
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Figure 8. SEM images of (a) pristine UiO-67 before atrazine adsorption and (b) regenerated

UiO-67 after atrazine adsorption

4. CONCLUSIONS
Three highly porous and water stable MOFs; ZIF-8, UiO-66 and UiO-67, were explored for the

adsorption of atrazine from water in comparison with a commercial activated carbon, F400.
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Except UiO-66 all studied adsorbents removed up to 98% of the atrazine present in water. UiO-
67 was found to exhibit the fastest rate of atrazine removal, and removed 98% of atrazine from
water in only 2 minutes. In contrast, ZIF-8 took 40 minutes and F400 took 50 minutes to reach
the same removal capacity. Moreover, regenerated UiO-67 maintained most of its atrazine
adsorption capacity after the third use. Considering its rapid atrazine uptake, comparable
adsorption capacity to commercial F400 and its regenerability without significant loss of
adsorption capacity, UiO-67 can be considered as a promising adsorbent for the removal of
atrazine from water.
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