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Abstract: We investigated the removal of a harmful anionic dye, acid orange 7 (AO7), from
aqueous solution using metal-organic frameworks (MOFs). We prepared four different MOFs (ZIF-8,
ZIF-67, UiO-66, UiO-66-NH;) by solvothermal reactions and then tested their adsorption of AO?7.
Infrared spectra and adsorption capacity data confirmed the removal of AO7 from aqueous solution.
The factors we investigated affecting adsorption capacity include variation of the organic linkers
and metal clusters of the MOFs. Our results suggest that the hydrogen bonding, 7—m interactions,

and zeta potentials facilitate the removal of AO7 from water. Of the four MOFs examined, ZIF-67
exhibited the highest adsorption capacity of AO7 and can be regenerated easily.

Keywords: wastewater decontamination; metal-organic frameworks; acid orange 7; ZIF-8; ZIF-67;
UiO-66; UiO-66-NH,

1. Introduction

Wastewater contaminated with dyes from the printing and textile industries threatens our
environment and health [1-3]. Currently, two main approaches are used to remove dyes from
contaminated water sources. First, chemical treatment processes, such as physical adsorption [4],
electro-Fenton [5], and Fenton and Fenton-like reactions [6,7] are used to decompose refractory
pollutants and improve biodegradability of dye-contaminated water, but these processes suffer from
high equipment and running costs. Second, physical adsorption using granular activated carbon is
popular due to its low cost and commercial availability [8-13], but it lacks synthetical or chemical
tunability. Therefore, developing tunable filtration materials to remove AO7 in contaminated water
becomes crucial.

Recently, metal-organic frameworks (MOFs) have captured attention as attractive adsorbent
materials, due in part to their synthetical and chemical tunability [14-16] and water stability [17-20].
These crystalline and porous materials are composed of metal ions or clusters coordinated to multitopic
organic linkers. By modifying the linker, it is possible to tune the functionality, surface areas [21],
and chemical stability [22,23] of the MOFs. By modifying the metal clusters, it is possible to tune the
adsorption of chemical contaminants by accessing their open metal sites [24-28]. Consequently, MOFs
have been implemented in a diverse array of applications, including removal of toxic materials from
air and water [29,30] and adsorption, storage, and release of gases [31-35].

While previous works have investigated using MOFs for adsorptive removal of dyes, the current
study differs in three important ways. First, we focus on the removal of the harmful anionic dye,
acid orange 7 (AO7, Scheme 1). Others have focused on using MOFs for removal of malachite
green [36], methylene blue [37], and methyl orange [38]. However, it is critical to investigate the
adsorptive removal of AO7, a harmful water soluble azo-based dye resisting decomposition by
biological means [39]. Due to the electron-withdrawing character of the azo group, AO7 becomes
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electron deficient, reducing to carcinogenic amino compounds [40], making AO7 highly toxic and
carcinogenic. If ingested, it can cause irritation to the eye, skin, mucous membrane, and upper
respiratory tract [41]. Second, the present work focuses on how specifically different water-stable
MOFs (Scheme 2) can be used to remove AO?7. Studies involving the same MOF systems only limit
their study to interactions between one MOF and one dye [36-38,42]. They do not explore the range
of interactions (e.g., hydrogen bonding, m— interactions, and zeta potentials) involved in adsorptive
removal. Third, other work has investigated AO7 removal using non-MOF systems, such as activated
carbon [43], soil [44], and canola stalks [45]. Even if a MOF was involved, the adsorptive mechanisms
of AO7 removal were not systematically explored [42]. By exploring how hybrid porous materials like
MOFs remove AO7, we can understand the factors that are important in adsorptive removal of AO7
dyes. Herein, we explore the use of MOFs as an alternative technology for the removal of AO7 from
aqueous solution by exploiting hydrogen bonding, 77 stacking interactions, and zeta potentials.
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Scheme 1. Chemical structure of AO7.
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Scheme 2. Synthesis and simplified structure of MOFs.

2. Materials and Methods

2.1. Materials

Dimethylformamide (DMF), hydrochloric acid (HCI), zirconium(IV) chloride (ZrCly, 98%),
terephthalic acid (99%), 2-aminoterephthalic acid (99%), ethanol, cobalt(Il) acetate tetrahydrate
(Co(OOCCH3),-4H,0, 99.999%), 1,3,5-benzene tricarboxylic acid (BTC, 98%), zinc(Il) acetate dihydrate
(Zn(CH3CO;y),2-2H50, 98%), zinc(Il) nitrate hexahydrate (Zn(NO3),-6H,O 98%), 2-methylimidazole
(MeIM, 99%), and methanol were purchased from Fisher Scientific (Waltham, MA, USA) and used
as received.

2.2. Syntheses

2.2.1. Syntheses of UiO-66 Derivatives

UiO-66 [26]. To an 8-dram vial, 0.125 g (0.54 mmol) of ZrCly, 5 mL of DMF and 1 mL of
concentrated HCI were added and sonicated about 20 min until fully dissolved. Then, 0.123 g
(0.75 mmol) of terephthalic acid and 10 mL of DMF were added and sonicated for additional 20 min.
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The mixture was heated at 80 °C for 24 h. The resulting solid was filtered and washed with DMF
(2 x 30 mL) and ethanol (2 x 30 mL). The sample was filtered to remove residual solvents and activated
at 90 °C under vacuum for 3 h. The reaction yielded 0.199 g of UiO-66.

UiO-66-NH; [26]. To an 8-dram vial, 0.125 g (0.54 mmol) of ZrCly, 5 mL of DMF and 1 mL
of concentrated HCl were added and sonicated about 20 min until fully dissolved. Then, 0.134 g
(0.75mmol) of 2-aminoterephthalic acid and 10 mL of DMF were added and sonicated for additional
20 min. The mixture was heated at 80 °C for 24 h. The resulting solid was filtered and washed with
DMF (2 x 30 mL) and ethanol (2 x 30 mL). The sample was filtered to remove residual solvents and
activated at 90 °C under vacuum for 3 h. The reaction yielded 0.217 g of UiO-66-NH,.

2.2.2. Syntheses of ZIF Derivatives

ZIF-8 [46]. To a glass bottle, 4.233 g (14.2 mmol) of zinc(Il) nitrate hexahydrate and 4.699 g
(57.2 mmol) of 2-methylimidazole were added. To a 250 mL glass bottle, 200 mL of methanol was
added. The reaction was stirred at room temperature for 1 h. The precipitate was gathered by
centrifugation. and then dried under vacuum at 60 °C for 24 h. The reaction yielded 0.756 g of ZIF-8.

ZIF-67 [46]. To a glass bottle, 4.251 g (14.6 mmol) of cobalt(ll) nitrate hexahydrate and 4.699 g
(57.2 mmol) of 2-methylimidazole were added. To a 250 mL glass bottle, 200 mL of methanol was added.
The reaction was stirred at room temperature for 1 h. The precipitate was gathered by centrifuging
and then dried under vacuum at 60 °C for 24 h. The reaction yielded 0.584 g of ZIF-67.

2.2.3. Nitrogen Isotherms

UiO-66 and UiO-66-NH, were activated by solvent exchange to ethanol by washing. The MOF was
subsequently evacuated at 80 °C under vacuum for 24 h. Since ZIF-8 and ZIF-67 were synthesized in a
volatile solvent (methanol), it was sufficient to evacuate at 60 °C under vacuum for 24 h. N, isotherms
were measured on a Quantachrome Quadrasorb pore size analyzer (Quantachrome Instruments,
Boynton Beach, FL, USA) at 77 K.

2.2.4. UV-Vis Absorption Measurements

To measure MOF AQO7 adsorption capacity, 100 mL samples of deionized water were contaminated
with 5 mg of AO7. 10 mg of UiO-66, UiO-66-NH,, ZIF-8, and ZIF-67 were each introduced to
contaminated samples. Absorbance spectra of samples were recorded in quartz cuvettes on an Agilent
UV-vis spectrophotometer (Agilent, Santa Clara, CA, USA) from 400 to 800 nm. The solutions were
centrifuged before each measurement to minimize light scattering from the MOF. We recorded data
hourly for a period of 6 h and then once every 24 h up to 120 h total soaking time. The decrease in
light absorbance at Amax of AO7 (483 nm) was used to determine the amount of AO7 adsorbed by the
MOF. Beer-Lambert calculations were used to determine the concentration of AO7 which remained in
the water as the absorbance at Apmax decreased, based on the following equation:

A=c¢lc 1)

where ¢ is the molar extinction coefficient of AO7, [ is the cell length of 1 cm, and ¢ is the concentration
of the sample). The initial concentration (Cy, mg/L), and the concentration at the time of each UV-vis
measurement (C;, mg/L) were compared to determine the adsorption capacity (q;, mg/g) at the time
of each UV-vis measurement using the following equation:

ge = M )

m

where V is sample volume, and m is the mass of MOF in grams.



Crystals 2019, 9, 17 40f 11

2.2.5. IR Absorption Measurements

To collect IR data, 3 mg of each MOF powder was placed into a sample port of the ThermoElectron
Nicolet FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Spectra were collected from
450 to 3950 cm ! with a resolution of 4 cm~! with 3 scans to average.

2.2.6. Reusability Measurements

We washed the MOFs in ethanol at varying pH levels. UiO-66 and UiO-66-NH in basic ethanol
(pH =9) and ZIF-8 and ZIF-67 in acidic ethanol (pH = 4). We used lower pH for ZIF-8 and ZIF-67 for
washing since the lowest adsorbed amounts were at lower pH.

3. Results

We selected UiO-66, UiO-66-NH;, ZIF-8, and ZIF-67 to perform the decontamination tests, since
each are water stable and provide different factors affecting adsorption of AO?7. First, by comparing
UiO-66 and UiO-66-NH,, we tested the effects of the hydrogen bonding interactions of AO7 and the
zirconium metal nodes of the MOFs. Further, by comparing ZIF-8 and ZIF-67, we investigated the r—m
stacking effects between the MOF organic linkers and AO7. Studies on all four MOFs investigated
the significance of zeta potential on anionic dye adsorption. We performed powder x-ray diffraction
(PXRD, Figures 1 and S1), scanning electron microscopy (SEM, Figure S2), infrared spectroscopy (IR,
Figures 2 and 3), nitrogen (N) isotherms (Figure S3), UV-visible absorption spectroscopy (Figure S4),
adsorption capacity experiments (Figure 4), pH dependence experiments (Table 1), and reusability
experiments (Figure 5) on all MOFs.

3.1. Structural Characterization

PXRD data (Figure 1) of UiO-66, UiO-66-NH;, ZIF-8 and ZIF-67 indicate that the MOFs were
successfully synthesized. All MOFs also retained their crystallinity following adsorption of AO7. SEMs
(Figure S2) further show the expected shapes of each MOF were formed.

IR data show new peaks after adsorption of AO7 in UiO-66 but not UiO-66-NH, (Figure 2). Since
the IR spectra before and after dye adsorption are almost the same for UiO-66-NH, (Figure 2b), this
indicates that the main functional groups are unchanged. In other words, hydrogen bonds are not
formed or are very weak. Rather, there are likely coulombic interactions, so the AO7 undergoes
negligible hydrogen bonding adsorption by UiO-66-NHj. On the other hand, the IR spectra UiO-66
before and after dye adsorption (Figure 2a) show shifts in the S-O and O-H vibrations related to the
formation of hydrogen bonds between the -5O3;/OH groups in AO7 and the uncoordinated -OH in
UiO-66. The peaks at 1180 and and 3460 cm ! related to S-O and O-H vibrations, respectively, in AO7
shift to 1140 and 3280 cm ™! after adsorption by UiO-66. This can also explain the higher adsorption of
UiO-66 compared to UiO-66-NH; in Section 3.2. The proposed AO7 adsorption mechanism of UiO-66
compared to UiO-66-NH, is further discussed in Section 4.
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Figure 1. PXRD patterns of (a) UiO-66 (blue) and UiO-66-NH, (green) and (b) ZIF-8 (red) and ZIF-67
(purple) prior to and following decontamination experiments.
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Figure 2. IR of (a) UiO-66 and (b) UiO-66-NH, before and after dye adsorption.
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Figure 3. IR spectra of the (a) ZIF-8 and (b) ZIF-67 before and after dye adsorption.

IR measurements of ZIF-8 and ZIF-67 prior to and following decontamination experiments were
also performed (Figure 3). The as-synthesized ZIF-67 and ZIF-8 exhibit peaks at 1690 and 2850 cm !,
which could be attributed to the stretching modes of the C=N bonding and C-H from the aromatic ring
of the 2-methylimidazole. The peak at 1615 cm~! can be attributed to the C=C aromatic stretching
mode. New peaks following decontamination experiments at 1180 and 3460 cm ! for both MOFs
correlate to sulfonate and hydroxyl stretching, respectively. They indicate surface adsorption of
AQ7. The proposed AO7 adsorption mechanism of ZIF-67 compared to ZIF-8 is further discussed in
Section 4.

3.2. Screening of MOFs for Adsorption of AO7

Since the dimensions of AO7 are 5.44 A x 10.03 x 15.67 A, this suggests the pore apertures of
Ui0-66 (6.0 A) and UiO-66-NH, (5.6 A) can accommodate AO7 [47]. Because of the small window
sizes (3.4 A) for ZIF-8 and ZIF-67, they are not expected to adsorb AO7 as it is too large to fit inside
the pores. Therefore, adsorption of ZIFs is likely to occur on their external surface [48]. Therefore, we
expected the four MOFs to be appropriate for AO7 adsorption.

We initially performed small scale AO7 adsorption experiments with all four MOFs. 20 mg of
each MOF were introduced to 3 mL of 0.1 uM of AO7. These experiments were monitored visually and
spectrophotometrically (Figure S4). AO7 adsorption was confirmed by a visual decline in the orange
color of the contaminated samples and a substantial decrease at the maximum absorbance of AO7 at
483 nm. All MOFs showed similar behavior, prompting us to scale up our investigation to explore the
factors which affect AO7 adsorption. Results in Section 3.2 indicate significant variation in adsorption
capacities between the MOFs.
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Adsorption of AO7 by MOFs

To quantitatively investigate the MOF adsorption capacity of AO7, we introduced 10 mg of each
MOF into 100 mL of water containing 5 mg of AO7. Based on the adsorption capacity data, all four
MOFs had an initial increase in adsorption capacity (qt), which then plateaued after 24 h of AO7
adsorption (Figure 4). UiO-66, UiO-66-NH,, ZIF-8, and ZIF-67 had maximum adsorption capacities of
106.6 mg/g, 85.0 mg/g, 16.9 mg/g, and 272.7 mg/g, respectively. These experimental values have
higher q; than other MOFs and materials (Table S1). We also found that increasing the mass of MOFs
will directly increase adsorption capacity.

300
250
200 UiO-66
G UiO-66-NH2
[@)]
E 150 —~ZIF8
= 100 ——ZIF-67
50
0
0 20 40 60 80 100

Time (hours)

Figure 4. Adsorption capacity of AO7 in UiO-66, UiO-66-NHj, ZIF-8, and ZIF-67 as a function of time.

Table 1 shows the changes in the adsorbed amounts of AO7 on MOFs at various pH values.
The adsorption of UiO-66 and UiO-66-NH, of anionic dye (AO?7) increases in acidic solution. This is
because the surface of these MOF have free hydroxyl groups, which tend to protonate in acidic pH.
Due to the electrostatic interaction with the anionic dye, sorption to the MOF occurs more easily [49,50].
Further, ZIF-67 showed increased adsorption when pH increases from pH 5.0 to 8.0 and then sharply
decreases with increasing pH from 8.0 to 9.0. For ZIF-8, the adsorption of AO7 increases with increasing
pH from pH 5.0-7.0 and then rapidly decreases above pH 8. There are two factors at play. First, since
AQY contains a sulfonate group, the dye exists in solution as negatively charged anions. Secondly,
since the isoelectric point of the ZIF-67 is at pH of 9, it indicates that the MOF surface is positively
charged when pH < 9 but negatively charged when pH > 9 [51]. The isoelectric point of ZIF-8 is at pH
of 8, so the MOF surface is positively charged when pH < 7 but negatively charged when pH > 7 [52].
Therefore, at lower pH, strong electrostatic attractions occur between sulfonate groups of AO7 and the
linkers of the MOFs, but excess hydrogen ions might compete with ZIF-67 or ZIF-8 in acidic solution,
leading to the increase of adsorption capacity with increasing pH [53]. The highest q; value coincides
before the isoelectric points of each MOF.

Table 1. Effect of pH on adsorption of AO7 on MOFs.

Adsorbed Amount (mg AO7/g Adsorbent)

pH
UiO-66 UiO-66-NH, ZIF-8 ZIF-67
5 133 98 3.3 63.4
6 110 95 74 126.9
7 106.5 84.9 16.9 272.6
8 9.83 7.88 13.4 738
9 115 6.8 74 400
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To regenerate and reuse the MOF after dye sorption, we washed the UiO-66 and UiO-66-NH, in
basic ethanol (pH = 9) and ZIF-8 and ZIF-67 in acidic ethanol (pH = 4). We used lower pH for ZIF-8
and ZIF-67 for washing since the lowest adsorbed amounts were at lower pH, according to Table 1.
As shown in Figure 5, the reusability of all MOFs up to the third cycle was stable. The adsorbed AO7
were removed efficiently from the adsorbent by simply washing with ethanol in the appropriate pH
levels. This result suggests that the MOFs are suitable for adsorptive removal of the anionic dye.

300
= 250 OCycle 1 ]
o
g) m Cycle 2
Tg, 200 Cycle 3
=
o 150
S
©
€ 100
= }
o
E 50 HI

0 [
UiO-66  UiO-66-NH2 ZIF-8 ZIF-67

Number of Cycles

Figure 5. Reusability of MOFs for adsorption of AO7. ZIF-8 and ZIF-67 were washed with acidic
ethanol (pH 4), while UiO-66 and UiO-66-NH, were washed with basic ethanol (pH =9).

Furthermore, the effects of competing ions on the adsorption of AO7 were evaluated from AO7
solutions with 0.043 mol/L and 0.13 mol/L NaCl. As shown in Table S2, the q; of AO7 decreased with
increasing NaCl concentrations, suggesting that adsorption of AO7 was hindered with external ions
such as Na* and C1™.

4. Discussion

Adsorptive removal of water contaminants requires understanding into the types of interactions
involved between adsorbent and contaminant. The amount of AO7 adsorbed by UiO-66 and
UiO-66-NH, increased especially at low pH with maximum adsorption capacity at pH of 5, as shown
in Table 1. ZIF-8 and ZIF-67 adsorbed the most AO7 based on their isoelectric points at pH below 8
and 9, respectively.

UiO-66 and UiO-66-NH; demonstrated some AO7 adsorption. One reason is due to the
coordination between the Zr;O4(OH)s nodes and oxyanions. Both monodentate and bridging
motifs have been proposed [17]. A monodentate motif forms with 12-coordinated ideal nodes
(ZrO4(OH)4(—CO2)12), while the bridging motif occurs with imperfect nodes (ZrO4(OH)x(—CO»)y).
Bridging coordination between AO7 and ZrgO4(OH)y is likely due to the sulfonate terminus of AO7
binding to two neighboring zirconia in the metal cluster (Figure S5). Based on the monodentate model,
we suspected that additional hydrogen bond donors may contribute to the adsorption of AO7 [54-59].
As evidenced by Figure 2b, very weak to no hydrogen bonding occurred between the hydroxyl of AO7
and the amine of UiO-66-NH,. The additional amine of UiO-66-NH; acts as a weak base in aqueous
solution, encouraging proton diffusion into the MOEF. This results in positive character on the inside
of UiO-66-NH, and a negative shift in zeta potential, compared to UiO-66. The negative surface of
UiO-66-NH, therefore discourages anionic dye adsorption compared to UiO-66 and may result in the
disparity between the maximum adsorption capacity of the two MOFs (Figure 4) [38]. Our results
suggest that any potential for hydrogen bonding between the amine of UiO-66-NH, and AO7 may be
insignificant compared to the zeta potential of the MOF.
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Due to the small pore apertures of ZIF-8 and ZIF-67, the adsorption of AO7 should mainly occur
at the external surface [47,54]. The adsorption capacity of ZIF-67 is sixteen times higher than in ZIF-8
(Figure 4), though both frameworks are isostructural. ZIF-8 is known to undergo surface etching after
only 1 day of immersion under highly acidic environments, whereas ZIF-67 remains unaffected under
various acidic pH levels [52]. Further, the imidazole ring in 2-methylimidazole has two double bonds
and a pair of electrons from the protonated nitrogen, which all interact on the planar surface of the
imidazole ring. Therefore, the imidazole ring can be considered as an aromatic compound which can
interact with other aromatic compounds via the m— stacking interaction with AO7 (Figure S6) [36].
Though significantly smaller than that of ZIF-67, the adsorption capacity of ZIF-8 is comparable to
reported values (Table S1) [37]. This relatively low value suggests that AO? is likely weakly interacting
with the surface of ZIF-8 by n—m interactions. However, the significantly higher adsorption capacity of
ZIF-67 makes it the more appealing candidate for further application as a dye adsorbent.

5. Conclusions

In summary, adsorption of aqueous AO7 by crystalline, porous, and water-stable MOFs have
been explored. Of the four MOFs examined, ZIF-67 exhibited the highest adsorption capacity of AO7
and can be regenerated easily. Our findings highlight the importance of hydrogen bonding, metal
node-based adsorption sites, m—m interactions, and zeta potentials, which contribute to adsorption
and removal of AO7 from water. Since there is a wide spectrum of metal nodes (or clusters) and
multitopic linkers potentially useful for building MOFs, a large number (while not explored herein)
may potentially be attractive candidates for adsorption of AO7. These MOF candidates must have high
adsorption capacity, water stability, and facile regeneration to maximize adsorption of other harmful
dyes in wastewater. The future of exploiting the chemical and synthetic tunability of MOFs for water
decontamination is indeed extremely promising.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4352/9/1/17 /51,
Figure S1. Full spectrum of PXRD of a) UiO-66 and UiO-66-NH,; and b) ZIF-8 and ZIF-67 before and after dye
Adsorption, Figure S2. SEM image of expected sodalite structures of (a) ZIF-8 and (b) ZIF-67 and octahedral
shapes of (c) UiO-66-NH, and (d) UiO-66, Figure S3. N, isotherms and BET surface areas of (a) UiO-66 (blue) and
UiO-66-NH; (green) and (b) ZIF-8 (red) and ZIF-67 (purple) before and after AO7 adsorption, Figure S4. UV-visible
absorbance spectra of water samples containing AO7 dye with (a) UiO-66, (b) UiO-66-NH,, (c) ZIF-8, and (d)
ZIF-67. These were recorded over the course of the decontamination experiment, Figure S5. Proposed interaction
between AO7 and UiO-66 through monodentate and bridging motifs. Black lines represents a coordinating
carboxylate from the organic linkers, Figure S6. Proposed mechanism of ZIF-8 and ZIF-67 and AO7 interaction.
Black lines represent methylimidazole linkers and purple dots represent metal ions. Dashed lines indicate
proposed pi-pi stacking interactions, Table S1. Comparison of the maximum adsorption abilities of different MOFs
for the removal of dyes, Table S2. Effect of chloride anions on adsorption of AO7 by studied MOFs.
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