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Abstract: Herein, we have evaluated the potential of dye-encapsulation as a simple mechanism to self-
report the stability of MOFs for pollutant extraction applications. This enabled the visual detection of
material stability issues during the selected applications. As proof-of-concept, the zeolitic imidazolate
framework (ZIF-8) material was prepared in aqueous medium and at room temperature in the
presence of the dye rhodamine B. The total amount of loaded rhodamine B was determined using
UV-vis spectrophotometry. The prepared dye-encapsulated ZIF-8 showed a comparable extraction
performance with bare ZIF-8 for the removal of hydrophobic endocrine-disrupting phenols, such as
4-tert-octylphenol and 4-nonylphenol, and improved the extraction performance of more hydrophilic
endocrine disruptors, such as bisphenol A and 4-tert-butylphenol.

Keywords: zeolitic imidazolate frameworks; rhodamine B; pollutant extraction; endocrine disrupting
phenols

1. Introduction

Metal-organic frameworks (MOFs) are porous crystalline materials synthesized from
inorganic and organic units by strong bonds [1,2]. Due to the variety of available metals and
organic building blocks (usually di- or polytopic organic carboxylates), thousands of differ-
ent MOFs have been reported [2]. Applications of MOFs [3] and MOF composites [4] span
different fields, such as catalysis [5], drug delivery [6], or energy storage and conversion [7].
Furthermore, there is a growing interest in the application of MOFs for environmental
applications [8-10], such as the extraction [11] or catalytic degradation [12,13] of water
pollutants. A well-known type of water-stable MOFs are zeolitic imidazolate frameworks
(ZIFs) [14,15]. ZIFs are crystalline materials based on tetrahedrally coordinated metal ions
connected by imidazole linkers with their resulting structures akin to zeolites. ZIFs are
the subject of extensive research due to their highly microporous nature, facile formation
from commercial precursors, and high thermal and chemical stability [16,17]. The structure
and activity of the imidazole linker alongside the nodal metal ion combination determines
the activity, morphology, surface area, and porosity of the ZIF crystal [17]. Therefore,
the crystals formed can be tailored and tuned to specific applications via changing the
imidazole linker present. Furthermore, ZIFs can also be used as precursors to obtain highly
porous carbons for a range of applications [18,19].

Recent progress in the synthesis and application of ZIFs has been the subject of
research to provide cost- and time-effective modes for the synthesis of such materials. The
synthesis of ZIFs was first reported by Park et al. in 2006 [14] via solvothermal conditions
in dimethylformamide with a ramping temperature gradient to 140 °C. Since then, the
synthesis and progress of ZIFs has continued to expand to the room temperature aqueous
synthesis [20] and even the solvent-free synthesis of ZIFs [21]. ZIF crystal growth in water at
room temperature also enabled the encapsulation of guest molecules in the crystal structure,
as reported for the biomimetic mineralization of biomacromolecules [22]. Aside from the
direct encapsulation of proteins and enzymes in ZIFs [22], the encapsulation of other guest

Nanomaterials 2023, 13, 842. https:/ /doi.org/10.3390/nano13050842

https:/ /www.mdpi.com/journal /nanomaterials


https://doi.org/10.3390/nano13050842
https://doi.org/10.3390/nano13050842
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://doi.org/10.3390/nano13050842
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano13050842?type=check_update&version=1

Nanomaterials 2023, 13, 842

20f12

molecules, such as carbohydrates [23] or plasmids [24], has been also achieved. ZIFs also
enabled the incorporation of small and polar organic molecules during crystal growth,
as reported by the incorporation of dyes, such as rhodamine B [25], or the simultaneous
encapsulation of multiple dyes [26].

Among the different potential applications for ZIFs, their application in the efficient
removal of pollutants from water is promising [27], showing the potential of ZIFs in
analytical applications [28] or environmental remediation [29]. Due to their excellent
pollutant removal efficiency, MOFs could compete with other high-performing materials for
the removal of pollutants from water [30,31]. However, a limitation for further development
of this type of applications is the stability of ZIFs in certain mediums [32,33]. While ZIF-8
might be stable in pure water, stability of this material might be limited in other, more
complex sample matrices, such as wastewater or seawater. An interesting example for
monitoring of ZIF-8 stability in different mediums was developed by Kim et al. [34]. A
three-dimensionally ordered macroporous mixed metal oxide ZnO-CeO;-Al,O;@ZIF-8
was used as a ZIF-8 precursor. ZnO provided the required Zn?* ions for ZIF-8 growth on
the support, and while the function of Al,O3; was structural, the presence of CeO, enabled
the monitoring of the stability of the ZIF-8 crystal structure. ZIF-8 stability monitoring was
carried out by comparing changes in the relative X-ray powder diffraction (XRD) intensities
between the ZIF-8 peak and the fully stable CeO, peak. Incorporating stable metal oxide
phases as internal standards allowed the precise evaluation of ZIF-8 stability but required
the recovery of the crystals/support from the aqueous medium and the availability of an
XRD instrument. Therefore, ZIF materials capable of self-reporting stability issues that are
easily detected and do not require any instruments would be of interest.

The aim of this work is the preparation of ZIF-8 with encapsulated rthodamine B
(ZIF-8@RB) as a self-reporting material for the in situ visual detection of stability issues
when the material is applied for pollutant extraction applications. Rhodamine B is released
from ZIF-8 if the aqueous medium contains any substances that compromise the stabil-
ity of the crystals (Figure 1). The effect of rhodamine B in ZIF-8 was evaluated for the
extraction of different phenols (bisphenol A, 4-tert-butylphenol, 4-tert-octylphenol and
4-nonylphenol) used in plastic manufacturing, which are well known endocrine-disrupting
compounds [35]. These pollutants can mimic the action of endogenous steroid hormones
in living organisms, potentially influencing the development of wildlife and humans. This
is the first example of an extraction application using MOFs, enabling visual stability
monitoring of the extraction material.
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Figure 1. Scheme illustrating the self-reporting mechanism of ZIF-8@RB when stability issues are

experienced during a pollutant removal application. RB, rhodamine B.
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2. Materials and Methods
2.1. Reagents

Zinc nitrate hexahydrate (98%), 2-methylimidazole (99%), sodium hydroxide (98%),
methanol (HPLC grade, 99.9%), ethylenediaminetetraacetic acid (99%), sodium chloride
(99%), potassium dihydrogen phosphate (99%), bisphenol-A (97%), 4-tert-butylphenol
(99%), 4-tert-octylphenol (97%), and 4-nonylphenol (99%), were purchased from Sigma-
Aldrich. Rhodamine B (>95%) was purchased from VWR. Potassium chloride (99.8%) was
purchased from AJAX Chemicals. Disodium hydrogen phosphate (99%) was purchased
from Merck, Rahway, NJ, USA.

2.2. Instrumentation

The morphology of the prepared materials was studied using a Hitachi SU-70 field
emission scanning electron microscope (FESEM) at an accelerating voltage of 1.5 KV. Sam-
ples were prepared via dispersing the ZIF-8 crystals in methanol. A droplet of the resulting
dispersion was added onto a glass slide atop titanium pegs and methanol was evaporated.
XRD measurements were carried out using a benchtop Bruker D2 phaser diffractometer
with a Co X-ray anode and adjusted to correct for difference between Cu and Co anodes. A
Micromeritics Tristar I surface area and porosity analyzer was used to measure the nitrogen
adsorption—desorption isotherms of the prepared materials. The Brunauer-Emmett-Teller
(BET) method was used to calculate the surface area using experimental points at relative
pressures between P/Py = 0.05-0.3. Samples were pretreated by heating under vacuum at
90 °C for 1 h, then at 140 °C for 16 h. Ultraviolet-visible spectrophotometry (UV-vis) was
used to quantify the release of rhodamine B from the ZIF-8 crystals.

An HPLC (Agilent 1290 Infinity) equipped with an Agilent 1290 binary pump, an
automatic Agilent 1290 sampler, and an Agilent 1290 DAD detector was used for pollutant
quantification after extraction with the prepared materials. A Supelco Nucleosil 100-5
C18 column (150 x 4.6 mm L.D., 5 um packing particle size, Merck KGaA, Darmstadt,
Germany) equipped with a guard column (10 x 4.6 mm L.D., 5 um packing particle size,
Merck) of the same material was used to separate the analytes. The mixture of the selected
pollutants in aqueous medium was separated using gradient elution with a mobile phase
consisting of 65% methanol/35% water for 1 min, and increasing to 75% methanol at 5 min,
85% methanol at 10 min, 95% methanol at 20 min, and decreasing to 65% methanol at
22 min. Separations were carried out at room temperature using a flow rate of 1 mL min~!.
Analyte detection was performed at 229 nm, and the injected sample volume was 10 uL.
All ZIF stability and pollutant extraction experiments were carried out in triplicate.

2.3. Synthesis of ZIF-8

The procedure for the aqueous synthesis of ZIF-8 was based on a procedure reported
in the literature [26] with modifications. Zinc nitrate hexahydrate (0.4615 g) was dissolved
in 25 mL of water. A solution of 2-methylimidazole (11.36 g) was dissolved in 175 mL of
water. The 2 aqueous solutions were combined and stirred for 10 s and left to crystallize for
24 h at room temperature. The resulting white crystals were centrifuged down at 4500 rpm
for 5 min and washed with water (4 x 30 mL) and methanol (4 x 30 mL) to remove the
excess unreacted precursors. The crystals were then transferred to an oven at 60 °C and left
to dry overnight. For the synthesis of ZIF-8@RB, the same procedure was followed, but by
dissolving rhodamine B into the 2-methylimidazole solution to a resulting concentration of
0.05,0.1,0.25,0.5,0.75,1.0,0r25¢g L1 rhodamine B.

2.4. Determination of Rhodamine B-Loading in ZIF-8 via UV-Vis Spectrophotometry

An aqueous stock solution of rhodamine B (0.1 g L~!) was prepared by dissolving
rhodamine B (0.01 g) on 100 mL Milli-Q water. A calibration curve was carried out by
stepwise dilution of the stock solution, covering the range between 1 mg L~!-5 mg L1
rhodamine B. The ZIF-8@RB crystals (5 mg) prepared in the presence of different amounts
of rhodamine B were dissolved in a solution of ethylenediaminetetraacetic acid (EDTA)
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(0.1 mol L™, 5 mL). These solutions were placed in an orbital shaker oscillated until full
dissolution of the crystals had occurred. The resulting solutions were then analyzed using
UV-Vis spectrophotometry to determine the concentration of rhodamine B released from
the dissolved crystals. For the case of ZIF-8 prepared using a 2-methylimidazole solution
containing 2.5 g L~! rhodamine B, the released rhodamine B was too concentrated and
thus a 10-fold dilution took place so that the values presented were within the measurable
range of the UV-Vis and calibration curve.

2.5. Buffers and Salts

Four different buffer and salt solutions were prepared to compare the stability of
ZIF-8@RB in different mediums:

(1) Phosphate buffer solution (PBS) 1.0 M. Sodium chloride (8 g, 0.137 mol L™1), potas-
sium chloride (0.2 g, 2.7 mmol L™!), sodium hydrogen phosphate (1.77 g, 10 mmol
L~1), and potassium dihydrogen phosphate (0.24 g, 1.8 mmol L~!), were dissolved
in 800 mL of Milli-Q water. The solution was adjusted to pH 7.4 using NaOH (1 mol
L~1) and diluted to a final volume of 1 L with Milli-Q water.

(2) Phosphate buffer solution 0.1x (PBS 0.1x). 10 mL of PBS was diluted using Milli-Q
water to a volume of 100 mL to obtain a 0.1 M solution of PBS.

(3) Ethylenediaminetetraacetic acid (EDTA). EDTA (2.92 g, 0.1 M) was dissolved in
100 mL of Milli-Q water.

(4) Sodium chloride (NaCl). A 1.0 M solution of sodium chloride was prepared by
dissolving 5.844 g NaCl into 100 mL of distilled water.

ZIF-8@RB (10 mg) was added to the above solutions (10 mL) and the absorbance of
the solution was measured at 554 nm after 24 h.

2.6. Mixed Phenol Extraction

Individual phenol stock solutions were prepared by the addition of bisphenol-A, 4-
tert-butylphenol, 4-tert-octylphenol, and 4-nonylphenol (10 mg) into separate containers
followed by the addition of methanol (10 mL) obtaining 1000 mg L~! solutions of each
one of the phenols. From this solution, serial dilutions were undertaken wherein 1 mL
of each solution was diluted up to 100 mL with water to form a 10 mg L~! solution of
each phenol. A volume of 10 mL of each one of these solutions was combined in a 100 mL
volumetric flask, resulting in a 1 mg L~! aqueous mixed phenol standard solution. Separate
experiments were conducted by adding either ZIF-8 (10 mg) or ZIF-8@RB (10 mg) to the
aqueous mixed phenol standard solution (1 mg L~!, 10 mL), and these were left in an
orbital shaker for 24 h. The resulting mixtures were filtered through a syringe filter (0.45 um
pore size) and the concentrations of the different phenols remaining in the aqueous solution
were measured using HPLC.

3. Results and Discussion
3.1. Screening of Rhodamine B Concentration in ZIF-8 Synthesis

ZIF-8 was prepared in aqueous solutions containing different concentrations of rho-
damine B, and a method to monitor the amount of rhodamine B encapsulated in the
obtained crystals was developed. The aim of this preliminary screening is to obtain the
ZIF-8 with the highest rhodamine B uptake. In order to be able to quantify the amount
of rhodamine B in the ZIF-8 crystals, a calibration curve of rhodamine B in water was
carried out using UV-vis spectrophotometry in the range of 1-5 mg L~! of rhodamine
B (y = 0.1848x — 0.0027; R?, 0.9996). Rhodamine B was added to the 2-methylimidazole
aqueous solutions to a resulting concentration of 0.05, 0.1, 0.25, 0.5, 0.75,1.0,25 g L1 To
examine the amount of rhodamine B encapsulated within each of the synthesized solids,
an experiment was undertaken wherein 5 mg of each solid sample was placed in a solution
of EDTA (0.1 mol L1, 5 mL). The resulting solutions were placed in an orbital shaker until
the solids have completely dissolved. EDTA was employed for dissolution of the resulting
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Zn(II) /2-methylimidazole-based solids as the EDTA binds to the zinc as a chelating ligand
and replaces the 2-methylimidazole, forming a water-soluble Zn-EDTA complex. The ab-
sorbance of the released rhodamine B was then measured using UV-vis spectrophotometry.
Figure 2 shows a clear trend regarding an increasing amount of rhodamine B incorporated
into the obtained precipitates based on Zn(II) and 2-methylimidazole, while increasing the
concentration of rhodamine B in the synthesis step up to a concentration of 2.5 g L~1.
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Figure 2. Effect of initial rhodamine B concentration on the amount of rhodamine B incorporated on
the obtained solid products.

The yields for the prepared materials were compared with the yield obtained by
using Zn(Il) and 2-methylimidazole in the absence of rhodamine B, which produced ZIF-8
microcrystals with a rthombic dodecahedron morphology, as characterized in the next
section. The yield of the obtained products in the presence of rhodamine B was comparable
to pure ZIF-8 for concentrations of up to 0.25 g L™, obtaining yields >75%. Using higher
concentrations of rhodamine B led to a drastic decrease in the yield of the obtained products
(Yield, 5-25%). In a compromise between the yield obtained and the amount of rhodamine
B incorporated in the material, the product obtained using a concentration of 0.25 ¢ L~ of
rhodamine B was further characterized.

3.2. Characterization of ZIF-8@RB

Herein, XRD was carried out to determine if the ZIF-8 synthesized in the presence of
rhodamine B had maintained the original ZIF-8 crystalline structure. The XRD patterns of
ZIF-8 and ZIF-8@RB are shown in Figure 3. The ZIF-8@RB in this study was prepared by
adding rhodamine B to the 2-methylimidazole aqueous solutions, resulting in a concentra-
tion of rhodamine B of 0.25 g L~!. For both materials the main six facet planes matched at
2 Theta = 7.55,12.11, 14.83, 17.13, 19.18, 21.03 degrees which correspond to the facet planes
of (110), (200), (211), (220), (310), and (222), respectively. These facets are characteristic of
ZIF-8 as is confirmed by the simulated XRD pattern of ZIF-8 (Figure 3).
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Figure 3. XRD patterns of ZIF-8, ZIF-8@RB and simulated ZIF-8.

To investigate the morphology of the ZIF-8 and ZIF-8@RB and the effect of the addition
of rhodamine B on the crystal structure of ZIF-8@RB, SEM was employed. Figure 4a,b,
show the morphology of the ZIF-8 crystals at different magnifications. ZIF-8 crystals
display a rhombic dodecahedron morphology with crystal sizes ranging from 1-2 pm. The
morphology of the synthesized ZIF-8 is confirmed to be rhombic dodecahedron and its
sizing is consistent with methodologies which share the zinc nitrate hexahydrate starting
reagent [26,36]. SEM images of ZIF-8@RB (prepared using a concentration of 0.25 g L~
rhodamine B) at different magnifications are shown in Figure 4c,d. Compared to ZIF-8,
ZIF-8@RB had smaller crystals with a submicrometric crystal size range. The size of most
crystals was between 0.5 um-0.7 pm and presented a cubic morphology but with truncated
edges. This change in morphology might be attributed to the effect of rhodamine B slowing
down the growth of the ZIF-8 crystals as the rhombic dodecahedron with truncated corners
shape is one of the different morphologies the ZIF-8 crystal takes on before reaching its
final rhombic dodecahedron shape.

Nitrogen adsorption/desorption porosimetry was employed to characterise both
ZIF-8 and ZIF-8 rhodamine B materials and to observe any porosity changes presented
by the encapsulation of rhodamine B. The prepared ZIF-8 crystals had a surface area of
1392 m? g1 and a type I isotherm with a steep nitrogen uptake increase at P/Pj < 0.1,
typical of microporous materials (Figure 5). The obtained surface area for ZIF-8 falls in the
expected range normally reached when this material is prepared in aqueous medium and
at room temperature. A significant increase in surface area was measured for the ZIF-8@RB
with a surface area of 1790 m? g~! (Figure 5), in agreement with other preparations of
ZIF-8@RB already reported in the literature [25]. ZIF-8@RB also presented a Type I isotherm
but, in this case, a small increase in nitrogen uptake is also observed for P/Pj > 0.9, which
is attributed to the potential formation of interparticle macropores due to the aggregation
in the dry state of the smaller size of the ZIF-8@RB crystals.
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Figure 4. SEM images of ZIF-8 (a,b) and ZIF-8@RB (c,d).
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Figure 5. Nitrogen adsorption—-desorption isotherms of ZIF-8 and ZIF-8@RB.
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3.3. UV-Vis Spectrophotometry Monitoring of ZIF-8@RB Stability in Different Media

The stability of ZIF-8@RB in different media, such as salts and buffers, was evaluated.
The methodology consisted of placing the ZIF-8@RB (10 mg) in 10 mL of each of the
prepared media solutions (See Section 2.5) and leaving the solutions in an orbital shaker
for 24 h. The percentage of rhodamine B released was measured after the 24 h and this
experiment was repeated in triplicate. Figure 6 shows that ZIF-8@RB is unstable in 0.1 M
EDTA due to the chelating effect of the EDTA binding the Zn(Il) of ZIF-8. In all instances, a
release of at least 65% of the rhodamine B amount present in ZIF-8 was observed, confirming
the instability of ZIF-8 in this medium. Performing the same experiment in water, or in
NaCl 1 mol L~ solution, an average value <6% of the rhodamine B present in the ZIF-8
material was released after 24 h. This could be attributed to a residual release of rhodamine
B because of the extended soaking times of the ZIF-8@RB crystals in these solutions, since
no residual leaching was observed in the last washing steps after ZIF-8@RB preparation
using water or methanol. While rhodamine B release was <10% when using PBS 0.1 M as
the medium, a significant increase was observed using a more concentrated PBS buffer of
1.0 M, producing a 22% release of rhodamine B, confirming the limited stability of ZIF-8
depending on the concentration of PBS buffer used. These results confirmed the usability
of rhodamine B release as a simple and fast approach to detect potential stability issues in
the application of MOFs for environmental applications. However, to know exactly the
details of the mechanism of this instability, full characterization of the crystalline material
after extraction would be required.

I

EN ke '

Water NaCl1.0M PBS01M PBS10M EDTAO0.1M

Figure 6. Stability of ZIF-8@RB in different mediums.

3.4. Simultaneous Extraction of Phenols from Water

The performance of ZIF-8 and ZIF-8@RB for organic pollutant extraction was then com-
pared. The organic pollutants selected for this study were phenols, specifically bisphenol-A,
4-tert-butylphenol, 4-tert-octylphenol, and 4-nonylphenol. These phenols were chosen
due to their persistence in the environment in natural waterways and soil near water-
ways alongside their toxicity [37]. Thus, an experiment was undertaken wherein ZIF-8
(10 mg) or ZIF-8@RB (10 mg) were placed into 1 mg L~ standard solution containing both
bisphenol-A, 4-tert-butylphenol, 4-tert-octylphenol, and 4-nonylphenol. These solutions
were placed in an orbital shaker for 24 h. The resulting mixtures were filtered by syringe
filters (0.45 um pore size) to filter the ZIF-8 and ZIF-8@RB crystals and the resulting filtrate



Nanomaterials 2023, 13, 842 90f 12

was analyzed by HPLC-UV to quantify the remaining phenols in the solution and thus the
amount extracted by the ZIFs.

The percentage of phenols extracted by the ZIF materials is shown in Figure 7, which
highlights both the similarities and the differences between ZIF-8 and ZIF-8@RB in the
simultaneous extraction of these organic pollutants. Regarding the two most hydrophobic
phenols, a high removal percentage for both ZIF-8 and ZIF-8@RB under the selected
experimental conditions was observed. 4-nonylphenol removal was 98.9% with the ZIF-
8@RB and 98.6% with ZIF-8. 4-tert-octylphenol removal was slightly higher with the
ZIF-8@RB (99.8%) compared to ZIF-8 (92.3%). For the more polar pollutants, bisphenol-A
and 4-tert-butylphenol, there were significant differences in percentage removal when
comparing ZIF-8@RB with ZIF-8. The ZIF-8@RB showed a greater extraction performance
for both these phenols at 68% and 82% removal for bisphenol A and 4-tert-butylphenol,
whereas the ZIF-8 has a lower extraction for these phenols at 19 % and 63 %, respectively.
This effect could be attributed to additional interactions established between the rhodamine
B present in the ZIF-8 crystals and the selected pollutants. However, additional studies
would be required to confirm the nature of these interactions. Another factor involved here
is the effect of rhodamine B in the different size and shape of the ZIF-8@RB compared to
bare ZIF-8, which could also influence pollutant mass transfer, and therefore, the percentage
removal of these pollutants. ZIFs could be a potential alternative for combining with other
efficient and cost-effective materials, such as layered double hydroxides (LDH) [38,39].
While LDHs have a high performance in the extraction of metal pollutants, ZIFs provide a
high efficiency for the extraction of pollutants of an organic nature.
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bisphenol-A 4-tert-butylphenol 4-tert-octylphenol  4-nonylphenol
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Figure 7. Performance of ZIF-8 and ZIF-8@RB for the extraction of phenols from water.

4. Conclusions

The encapsulation of rhodamine B within ZIF-8 under specific synthesis conditions
in aqueous medium and at room temperature has been documented and studied in the
formation of ZIF-8@RB. The incorporation of a dye in the ZIF-8 crystals for their subsequent
use as sorbents for the removal of organic pollutants from water showed the following
advantages: (1) dye release when ZIF crystals are unstable in the sample matrix enables the
simple visual detection of stability issues during the extraction process; (2) the presence of
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rhodamine B in ZIF-8 showed improved removal of polar pollutants and simultaneously
maintained the high performance in the removal of less-polar pollutants, as exemplified
with a mixture of endocrine disrupting phenols; (3) ZIF-8@RB is synthesized in aqueous
medium from available and relatively cheap precursors (zinc nitrate, 2-methylimidazole,
and rhodamine B), which could facilitate potential commercial viability.

Further research that would help to bolster the understanding of this crystalline ZIF-
8@RB material would be a full characterization study of the role of rhodamine B in the
material and its contribution to further increase the surface area of ZIF-8. It would be
beneficial to create a comprehensive library of stability media to better understand the
degradation conditions of the ZIF-8 and ZIF-8@RB, such as solutions of different pH, more
concentrated or diluted salt solutions, or solutions of more complex matrices with known
compositions such as simulated seawater, wastewater, or urine. The scope of application
for the ZIF-8@RB material could be also expanded in the future into the preparation of
membranes for online continuous flow extraction.

Author Contributions: Conceptualization, EW.PM. and FM.; methodology, EW.PM. and FM.;
investigation, E.W.P.M.; writing—original draft preparation, EW.P.M.; writing—review and editing,
EM.; supervision, EM. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the Australian Centre for Research on Separation Science
(ACROSS) and the University of Tasmania for financial and instrumental support. E.P.M. thanks the
University of Tasmania for the award of an Honours Scholarship and the Royal Australian Chemical
Institute for the 2021 Masson M 2021 Masson Memorial Scholarship Prize.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Li, H.; Eddaoudi, M.; O'Keeffe, M.; Yaghi, O.M. Design and synthesis of an exceptionally stable and highly porous metal-organic
framework. Nature 1999, 402, 276-279. [CrossRef]

2. Furukawa, H.; Cordova, K.E.; O’Keeffe, M.; Yaghi, O.M. The chemistry and applications of metal-organic frameworks. Science
2013, 341, 1230444. [CrossRef] [PubMed]

3.  Freund, R,; Zaremba, O.; Arnauts, G.; Ameloot, R.; Skorupskii, G.; Dinca, M.; Bavykina, A.; Gascon, J.; Ejsmont, A.; Goscianska, J.;
et al. The current status of MOF and COF applications. Angew. Chem. Int. Ed. 2021, 60, 23975-24001. [CrossRef] [PubMed]

4.  Ma, X,; Xiong, Y; Liu, Y;; Han, J.; Duan, G.; Chen, Y.; He, S.; Mei, C.; Jiang, S.; Zhang, K. When MOFs meet wood: From
opportunities toward applications. Chem 2022, 8, 2342-2361. [CrossRef]

5. Zhu, L.; Liu, X.Q.; Jiang, H.L.; Sun, L.B. Metal-organic frameworks for heterogeneous basic catalysis. Chem. Rev. 2017, 117,
8129-8176. [CrossRef] [PubMed]

6. Lazaro, I.A.; Forgan, R.S. Application of zirconium MOFs in drug delivery and biomedicine. Coord. Chem. Rev. 2019, 380, 230-259.
[CrossRef]

7. Zhang, X,; Chen, A.; Zhong, M.; Zhang, Z.; Zhang, X.; Zhou, Z.; Bu, X.H. Metal-organic frameworks (MOFs) and MOF-derived
materials for energy storage and conversion. Electrochem. Energy Rev. 2019, 2, 29-104. [CrossRef]

8. Ma, X.; Chai, Y.; Li, P; Wang, B. Metal-organic framework films and their potential applications in environmental pollution
control. ACC. Chem. Res. 2019, 52, 1461-1470. [CrossRef]

9. Wen, Y.; Zhang, P.; Sharma, V.K.; Ma, X.; Zhou, H.-C. Metal-organic frameworks for environmental applications. Cell Rep. Phys.
Sci. 2021, 2, 100348. [CrossRef]

10. Rojas, S.; Horcajada, P. Metal-organic frameworks for the removal of emerging organic contaminants in water. Chem. Rev. 2020,
120, 8378-8415. [CrossRef]

11.  Huo, S.-H.; Yan, X.-P. Metal-organic framework MIL-100(Fe) for the adsorption of malachite green from aqueous solution. J.
Mater. Chem. 2012, 22, 7449-7455. [CrossRef]

12. Gao, C.; Chen, S.; Quan, X.; Yu, H.; Zhang, Y. Enhanced Fenton-like catalysis by iron-based metal organic frameworks for

degradation of organic pollutants. J. Catal. 2017, 356, 125-132. [CrossRef]


http://doi.org/10.1038/46248
http://doi.org/10.1126/science.1230444
http://www.ncbi.nlm.nih.gov/pubmed/23990564
http://doi.org/10.1002/anie.202106259
http://www.ncbi.nlm.nih.gov/pubmed/33989445
http://doi.org/10.1016/j.chempr.2022.06.016
http://doi.org/10.1021/acs.chemrev.7b00091
http://www.ncbi.nlm.nih.gov/pubmed/28541694
http://doi.org/10.1016/j.ccr.2018.09.009
http://doi.org/10.1007/s41918-018-0024-x
http://doi.org/10.1021/acs.accounts.9b00113
http://doi.org/10.1016/j.xcrp.2021.100348
http://doi.org/10.1021/acs.chemrev.9b00797
http://doi.org/10.1039/c2jm16513a
http://doi.org/10.1016/j.jcat.2017.09.015

Nanomaterials 2023, 13, 842 11 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Figuerola, A.; Medina, D.A.; Santos-Neto, A.].; Cabello, C.P,; Cerda, V.; Palomino, G.T.; Maya, F. Metal-organic framework
mixed-matrix coatings on 3D printed devices. Appl. Mater. Today 2019, 16, 21-27. [CrossRef]

Park, K.S.; Ni, Z.; Coté, A.P,; Choi, J.Y.; Huang, R.; Uribe-Romo, EJ.; Chae, H.K.; O’Keeffe, M.; Yaghi, O.M. Exceptional chemical
and thermal stability of zeolitic imidazolate frameworks. Proc. Natl. Acad. Sci. USA 2006, 103, 10186-10191. [CrossRef] [PubMed]
Chen, B.; Yang, Z.; Zhu, Y.; Xia, Y. Zeolitic imidazolate framework materials: Recent progress in synthesis and applications. J.
Mater. Chem. A 2014, 2, 16811-16831. [CrossRef]

Banerjee, R.; Phan, A.; Wang, B.; Knobler, C.; Furukawa, H.; O’Keeffe, M.; Yaghi, O.M. High-throughput synthesis of zeolitic
imidazolate frameworks and application to CO, capture. Scienice 2008, 319, 939-943. [CrossRef]

Phan, A.; Doonan, C.J.; Uribe-Romo, FJ.; Knobler, C.B.; O’keeffe, M.; Yaghi, O.M. Synthesis, structure, and carbon dioxide capture
properties of zeolitic imidazolate frameworks. ACC. Chem. Res. 2010, 43, 58—-67. [CrossRef]

Jian, S.; Ma, X.; Wang, Q.; Wu, J.; Wang, Y.; Jiang, S.; Xu, W.; Yang, W. Hierarchical porous CozO,4 nanocages with elaborate
microstructures derived from ZIF-67 toward lithium storage. Vacuum 2021, 184, 109879. [CrossRef]

Ma, X.; Guo, H.; Zhang, C.; Chen, D.; Tian, Z.; Wang, Y.; Chen, Y,; Wang, S.; Han, J.; Lou, Z; et al. ZIF-67/wood derived
self-supported carbon composites for electromagnetic interference shielding and sound and heat insulation. Inorg. Chem. Front.
2022, 9, 6305-6316. [CrossRef]

Pan, Y,; Liu, Y,; Zeng, G.; Zhao, L.; Lai, Z. Rapid synthesis of zeolitic imidazolate framework-8 (ZIF-8) nanocrystals in an aqueous
system. Chem. Commun. 2011, 47, 2071-2073. [CrossRef]

solvothermal and mechanochemical synthesis of metal-organic materials. Chem. Sci. 2012, 3, 2495-2500. [CrossRef]

Liang, K.; Ricco, R.; Doherty, C.M.; Styles, M.].; Bell, S.; Kirby, N.; Mudie, S.; Haylock, D.; Hill, A.].; Doonan, C.J.; et al. Biomimetic
mineralization of metal-organic frameworks as protective coatings for biomacromolecules. Nat. Commun. 2015, 6, 7240. [CrossRef]
[PubMed]

Astria, E.; Thonhofer, M; Ricco, R.; Liang, W.; Chemelli, A.; Tarzia, A.; Alt, K.; Hagemeyer, C.E.; Rattenberger, J.; Schroettner, H.;
et al. Carbohydrates@MOFs. Mater. Horiz. 2019, 6, 969-977. [CrossRef]

Poddar, A.; Conesa, J.J.; Liang, K.; Dhakal, S.; Reineck, P.; Bryant, G.; Pereiro, E.; Ricco, R.; Amenitsch, H.; Doonan, C.; et al.
Encapsulation, visualization and expression of genes with biomimetically mineralized zeolitic imidazolate framework-8 (ZIF-8).
Small 2019, 15, 1902268. [CrossRef]

Abdelhamid, H.N.; Huang, Z.; El-Zohry, A.M.; Zheng, H.; Zou, X. A fast and scalable approach for synthesis of hierarchical porous
zeolitic imidazolate frameworks and one-pot encapsulation of target molecules. Inorg. Chem. 2017, 56, 9139-9146. [CrossRef]
Liu, X.-Y,; Xing, K.; Li, Y; Tsung, C.-K.; Li, J. Three models to encapsulate multicomponent dyes into nanocrystal pores: A new
strategy for generating high-quality white light. ]. Am. Chem. Soc. 2019, 141, 14807-14813. [CrossRef]

Liu, Y,; Pang, H.; Wang, X.; Yu, S.; Chen, Z.; Zhang, P; Chen, L.; Song, G.; Saleh Alharbi, N.; Omar Rabah, S.; et al. Zeolitic
imidazolate framework-based nanomaterials for the capture of heavy metal ions and radionuclides: A review. Chem. Eng. ]. 2021,
406, 127139. [CrossRef]

Rodas, M.; Fikarovéd, K.; Pasanen, F.; Horstkotte, B.; Maya, F. Zeolitic imidazolate frameworks in analytical sample preparation. J.
Sep. Sci. 2021, 44, 1203-1219. [CrossRef]

Sun, Y.; Zhang, N.; Yue, Y.; Xiao, J.; Huang, X.; Ishag, A. Recent advances on the application of zeolitic imidazolate frameworks
(ZIFs) in environmental remediation: A review. Environ. Sci. Nano 2022, 9, 4069-4092. [CrossRef]

Jjagwe, J.; Olupot, PW.; Menya, E.; Kalibbala, H.M. Synthesis and application of granular activated carbon from biomass waste
materials for water treatment: A review. J. Bioresour. Bioprod. 2021, 6, 292-322. [CrossRef]

Obey, G.; Adelaide, M.; Ramaraj, R. Biochar derived from non-customized matamba fruit shell as an adsorbent for wastewater
treatment. J. Bioresour. Bioprod. 2022, 7, 109-115. [CrossRef]

Velasquez-Hernandez, M.d.].; Ricco, R.; Carraro, F.; Limpoco, ET.; Linares-Moreau, M.; Leitner, E.; Wiltsche, H.; Rattenberger, J.;
Schrottner, H.; Frithwirt, P; et al. Degradation of ZIF-8 in phosphate buffered saline media. CrystEngComm 2019, 21, 4538-4544.
[CrossRef]

Luzuriaga, M.A.; Benjamin, C.E.; Gaertner, M.W.; Lee, H.; Herbert, F.C.; Mallick, S.; Gassensmith, ]J.J. ZIF-8 degrades in cell media,
serum, and some—But not all—Common laboratory buffers. Supramol. Chem. 2019, 31, 485-490. [CrossRef] [PubMed]

Kim, M.; Zhao, W.; Tsapatsis, M.; Stein, A. Three-dimensionally ordered macroporous mixed metal oxide as an indicator for
monitoring the stability of ZIF-8. Chem. Mater. 2020, 32, 3850-3859. [CrossRef]

Wu, M,; Pan, C.; Yang, M.; Xu, B.; Lei, X.; Ma, J.; Cai, L.; Chen, J. Chemical analysis of fish bile extracts for monitoring endocrine
disrupting chemical exposure in water: Bisphenol A, alkylphenols, and norethindrone. Environ. Toxicol. Chem. 2016, 35, 182-190.
[CrossRef] [PubMed]

Pan, Y.; Heryadi, D.; Zhou, F; Zhao, L.; Lestari, G.; Su, H.; Lai, Z. Tuning the crystal morphology and size of zeolitic imidazolate
framework-8 in aqueous solution by surfactants. CrystEngComm 2011, 13, 6937-6940. [CrossRef]

Careghini, A.; Mastorgio, A.F; Saponaro, S.; Sezenna, E. Bisphenol A, nonylphenols, benzophenones, and benzotriazoles in soils,
groundwater, surface water, sediments, and food: A review. Environ. Sci. Pollut. Res. 2015, 22, 5711-5741. [CrossRef]


http://doi.org/10.1016/j.apmt.2019.04.011
http://doi.org/10.1073/pnas.0602439103
http://www.ncbi.nlm.nih.gov/pubmed/16798880
http://doi.org/10.1039/C4TA02984D
http://doi.org/10.1126/science.1152516
http://doi.org/10.1021/ar900116g
http://doi.org/10.1016/j.vacuum.2020.109879
http://doi.org/10.1039/D2QI01943D
http://doi.org/10.1039/c0cc05002d
http://doi.org/10.1039/C2SC20344H
http://doi.org/10.1038/ncomms8240
http://www.ncbi.nlm.nih.gov/pubmed/26041070
http://doi.org/10.1039/C8MH01611A
http://doi.org/10.1002/smll.201902268
http://doi.org/10.1021/acs.inorgchem.7b01191
http://doi.org/10.1021/jacs.9b07236
http://doi.org/10.1016/j.cej.2020.127139
http://doi.org/10.1002/jssc.202001159
http://doi.org/10.1039/D2EN00601D
http://doi.org/10.1016/j.jobab.2021.03.003
http://doi.org/10.1016/j.jobab.2021.12.001
http://doi.org/10.1039/C9CE00757A
http://doi.org/10.1080/10610278.2019.1616089
http://www.ncbi.nlm.nih.gov/pubmed/31892768
http://doi.org/10.1021/acs.chemmater.9b05395
http://doi.org/10.1002/etc.3176
http://www.ncbi.nlm.nih.gov/pubmed/26206390
http://doi.org/10.1039/c1ce05780d
http://doi.org/10.1007/s11356-014-3974-5

Nanomaterials 2023, 13, 842 12 of 12

38. Zhu, S.; Khan, M.A,; Kameda, T.; Xu, H.; Wang, E; Xia, M.; Yoshioka, T. New insights into the capture performance and
mechanism of hazardous metals Cr®* and Cd?* onto an effective layered double hydroxide based material. J. Hazard. Mater. 2022,
426, 128062. [CrossRef]

39. Zhu, S.; Chen, Y,; Khan, M.A.; Xu, H.; Wang, F; Xia, M. In-depth study of heavy metal removal by an etidronic acid-functionalized
layered double hydroxide. ACS Appl. Mater. Interfaces 2022, 14, 7450-7463. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jhazmat.2021.128062
http://doi.org/10.1021/acsami.1c22035

	Introduction 
	Materials and Methods 
	Reagents 
	Instrumentation 
	Synthesis of ZIF-8 
	Determination of Rhodamine B-Loading in ZIF-8 via UV-Vis Spectrophotometry 
	Buffers and Salts 
	Mixed Phenol Extraction 

	Results and Discussion 
	Screening of Rhodamine B Concentration in ZIF-8 Synthesis 
	Characterization of ZIF-8@RB 
	UV-Vis Spectrophotometry Monitoring of ZIF-8@RB Stability in Different Media 
	Simultaneous Extraction of Phenols from Water 

	Conclusions 
	References

