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Abstract: Several types of pollutants have acute adverse effects on living bodies, and the effective
removal of these pollutants remains a challenge. Safranin O (a biological dye) and merbromin (a
topical mercury-containing antiseptic) are considered organic pollutants, and there are only a few
reports on their removal. Synthesized and well-characterized (through PXRD, FTIR, FESEM, and
EDS analysis) MOF-5 was used for the first time in the removal of safranin O and merbromin from
simulated wastewater and real wastewater. In both cases, MOF-5 effectively removed contaminants.
We found that in simulated wastewater, the highest efficiency of removal of safranin O was 53.27%
(for 15 mg/L) at pH 10, and for merbromin, it was 41.49% (for 25 mg/L) at pH 6. In the case of real
wastewater containing natural ions (Na*, K*, F~, Cl~, 5042, PO43, Mg2+, and Ca%*) and other
molecules, the removal efficiencies of these two dyes decreased (34.00% and 26.28% for safranin
O and merbromin, respectively) because of the presence of other ions and molecules. A plausible
mechanism for the removal of these pollutants using MOF-5 was proposed.

Keywords: metal organic framework (MOF); wastewater management; natural ions; safranin O and
merbromin; dyes and pharmaceutical wastes; adsorption

1. Introduction

The amount of pure drinkable water decreases daily, for both natural and artificial
reasons. Industrial development is a major contributor to water pollution. Since the very
beginning of the industrial revolution, as the industrial sectors have expanded every year,
the amount of various hazardous chemicals contaminating groundwater has increased
rapidly [1,2]. Different types of dyes are pollutants that add up to a serious issue of water
pollution [3]. There are various types of dyes that are used in different industries, especially
in the textile industry, broadly divided according to the (a) method of application and
(b) chemical structure [4]. On the other hand, based on charge, dyes can be classified into
three classes: (a) cationic dyes (e.g., rhodamine B, methylene blue, and rhodamine 6G),
(b) anionic dyes (e.g., Congo red, methyl orange, and acid fuchsin), and (c) neutral dyes
(e.g., Giemsa stain) [5,6]. In general, anionic dyes tend to be acidic, whereas cationic dyes
are basic in nature [7]. Anionic dyes are utilized for the modification of acrylic, polyamide,
and polypropylene fibers, whereas cationic dyes are frequently used in the dyeing of
acrylic, wool, and silk fibers [5]. There are also different pharmaceutical pollutants, such as
staining dyes, antibiotics, antimicrobial medicines, and other harmful drugs, which are also
responsible for serious water pollution and severe negative impacts on the environment.
Safranin-O and merbromin (Figure 1) are hazardous pollutants [8]. Safranin O (or safranin)
is a well-known cationic dye that is frequently used to stain cells in laboratories and
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hospitals [9]. However, safranin O also has detrimental effects on the cardiovascular system
and other serious health problems, including methemoglobinemia, cyanosis, spasms, and
severe eye and skin irritation [10].

N
'
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Cl

Safranin O Merbromin

Figure 1. Structures of safranin O and merbromin.

On the other hand, merbromin, a mercury-ion containing pharmaceutical waste (which
is a sodium salt of 2,7-dibromo-4-hydroxymercurifluorescein), is typically used as an
antiseptic, mostly for external treatments of cuts and scrapes [11]. Although many of us
are unaware of its hazardous effects, we apply it to different injuries, minor wounds, and
burns [11]. It is responsible for gastrointestinal problems, such as nausea and vomiting
like some other drugs and pharmaceuticals [12]. Merbromin can result in high mercury
concentrations in the blood, urine, and other organs, as well as severe digestive system
damage, renal failure, and toxicity to other organs [11].

Therefore, it is necessary to eliminate safranin O and merbromin from water to prevent
their adverse effects on many living systems. Safranin O and merbromin were chosen as
the main hazardous pollutants for this investigation. Few methods have been reported for
removing these two compounds from water.

Currently, there are different methods for the removal of these contaminants, such as
osmosis [13], photocatalytic degradation [14], membrane filtration [15], electrochemical
process [16], electrolysis [17], organic processes [18], and adsorption [19,20]. However,
techniques other than adsorption are expensive, time-consuming, and complex, with poor
recycling efficiency. Adsorption is considered an effective, convenient, and reliable technol-
ogy because of its simple and straightforward method and operation and high proficiency,
even at extremely low concentrations. Several materials have been reported to remove these
toxic pollutants, including nanomaterials [21,22], minerals [23], quantum dots [24], metal
organic frameworks (MOFs) [25], and covalent organic frameworks (COFs) [26]. Various
MOFs employed for wastewater treatment have been reported in the literature. MOFs have
a variety of intriguing distinctive traits, including a large surface area, numerous adjustable
pores, and tunable surface properties [27]. These features make MOFs promising tools for
adsorption, separation, drug delivery, ion exchange, storage, and catalysis [28-30]. Various
adsorbents have been reported to remove organic/organometallic molecules. Among these,
some materials suffer from several drawbacks, such as complicated or costly synthesis. Like
zeolites, which require an inorganic or organic template for their preparation, solvents are
the major templating molecules for the synthesis of MOFs [31]. In addition, many materials,
such as different aerogels and nanomaterials, have been reported to be less efficient in
wastewater treatment compared with MOFs [32-37].

MOF-5 (chemical formula: Zn,;O13(CgHy)3), also known as IRMOF-1, a well-known
MOF, has vast applications because of its high porosity, unique structure, and thermal
stability. It has a three-dimensional structure consisting of Zn4O clusters and terephtha-
late ligands [38]. The size and porosity (or pore volume) of an adsorbent determine its
adsorption efficiency.

In the present context, we prepared MOEF-5 following a procedure reported in the
literature with slight modifications and characterized it by FT-IR, powder XRD (PXRD),
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FESEM, and EDS analysis. The as-prepared MOF-5 was used to remove safranin O and
merbromin from simulated and real wastewater via adsorption. This is the first time MOF-5
has been used to eliminate these two pollutants.

2. Results and Discussion
2.1. Characterizations of the Synthesized MOF-5
2.1.1. PXRD Analysis

Figure 2a shows the PXRD pattern of the synthesized MOF-5. All characteristic peaks
appear at 260 values of 6.86°,9.71°,13.6°, 15.3°, 22.5°, 24.9° and 26.3°, which represent the
corresponding crystal planes of (200), (220), (400), (420), (442), (711), and (731), respectively.
These are very similar to the reported MOF-5 PXRD diffraction data in the literature [39,40]
and closely match the file number of the Joint Committee on Powder Diffraction Standards
(JCPDS) 36-1451 [41]. From these data, it can be concluded that MOF-5 has a cubic unit cell
crystal structure. The sharp and large intense peaks represent the high crystallinity of the
adsorbent, which is consistent with the FESEM image (Figure 2c).
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Figure 2. (a) PXRD pattern, (b) FTIR spectra, and (c¢) FESEM image of MOF-5.

2.1.2. FT-IR Analysis

The skeletal arrangement of MOF-5 was validated using FI-IR spectroscopy. The
stretching vibrations of the -COO group in the terephthalic acid linker had symmetric and
asymmetric stretching peaks at 1380 cm ! and 1584 cm ™! in the FT-IR spectra (Figure 2b).
This stretching vibration was different from the infrared spectrum of the terephthalic acid
ligand, which appeared at 1660 cm~!. The peaks corresponding to >C=0 exhibited a
noticeable red shift. This is due to the formation of terephthalate and Zn?* coordination of
the ligand -COO, that s, COO-Zn?*. This makes the carbonyl electron distribution relatively
uniform and lowers the electron cloud’s density [42]. The broad line at 3000-3500 cm !
indicates the presence of water molecules coordinated to the metal center [43]. The sharp
peak at 1502 cm ™! represents the C=C vibration that is present in the linker [40]. Several
small peaks within the ranges of 1250-950 cm ! and 800-650 cm ! represent the in-plane
and out-of-plane vibrations of the aromatic C-H bonds [44]. When compared with the data
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mentioned in the literature, it can be justified that pristine MOF-5 crystals were formed in
the present synthesis.

2.1.3. FE-SEM Analysis

The morphology of MOF-5 was investigated by FESEM. In the present work, it was
found that the average size of the prepared MOF-5 ranged from 10 to 20 pm (Figure 2c)
of the prepared MOF-5. As shown in Figure 2c, all MOF-5 particles were cubic in shape.
Mirsoleimani-Azizi et al. synthesized cubic MOEF-5 with an average diameter of approxi-
mately 550 nm using zinc acetate at room temperature [45]. Cubic MOF-5 with a crystal
size of 5-25 um was synthesized by Son et al. using a rapid sonochemical method [46].
Uniform cubic MOEF-5 crystals, 20-25 um in size, were also prepared through a microwave
heating solvothermal route using 1-methyl-2-pyrrolidone as a solvent by SikChoi et al. [47].
Zhao et al. synthesized cubic MOF-5 monocrystals with diameters of 40-60 um [48].

2.1.4. EDS Analysis

The elemental composition of MOF-5 was analyzed using EDS. The elemental mapping
of the uniform distribution of C, O, and Zn in Figure S1 demonstrates how the skeleton
function of MOF materials can prevent the aggregation of metal particles and ensure that
the appropriate metal elements are equally dispersed, which is very similar to the data
reported in the literature [49].

2.2. Effect of pH

Figure 3a shows the variation in percentage removal under different pH conditions for
both safranin O and merbromin. The maximum removal efficiency was observed at pH 10
(53.27%) for safranin O and at pH 6 (41.49%) for merbromin. The point of zero charge (PZC)
for the MOEF-5 was at pH 4.6, which matches well with the reported value [50]. Hence, the
surface of MOF-5 becomes negatively charged above pH 4.6 and positively charged below
this pH [50]. Safranin O is a cationic azo dye, while merbromin (disodium organomercuric
salt) contains a negatively charged exterior owing to the presence of -O~ and -COO™
groups. This information is consistent with that observed in the current study on the effect
of pH on pollutant removal. Hence, for safranin O, removal increased as the surface became
increasingly negative. For merbromin, an increase was observed as the pH increased from
2 to 6, and above pH 6, the removal efficiency decreased because of the increasing repulsive
interaction between the negatively charged merbromin and MOF-5. Significant electrostatic
interactions between the adsorbent and adsorbate occurred during adsorption. In addition,
there may be a weak noncovalent force of attraction between merbromin and MOEF-5, for
which it was adsorbed. There may be substantial H bonding between the OH and -COOH
groups of merbromin (at pH 6) and the adsorbed -OH on MOF-5 at low concentrations of
—-OH groups on MOEF-5 (at pH-6).

2.3. Effect of Adsorbent Dose

The mass of the adsorbent is also a determining factor, because it provides adsorption
sites for adsorbate molecules. Figure 3c shows the variation in the removal percentage
with the adsorbent dosage (W). The removal efficiency of the pollutants increased with
an increase in the amount of adsorbent (from 250 to 2000 mg/L) and was found to be
maximum (95.01% and 90.80% for safranin O and merbromin, respectively) at an adsorbent
concentration of 2000 mg/L. This result was obvious, as the increase in the amount of
adsorbent provided a greater number of adsorption sites for capturing the adsorbate
molecules during the adsorption process, which ultimately enhanced the adsorption [49].
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Figure 3. Effect of (a) pH, (b) initial concentration of contaminant, (c¢) amount of adsorbent, and
(d) effect of contact time on removal percentage.

2.4. Effect of Contact Time and Adsorption Kinetics

As the adsorption time increased, the pollutant was increasingly adsorbed on MOF-5.
The equilibrium times for safranin O and merbromin were 180 min and 210 min, re-
spectively. After equilibrium was reached, the adsorption percentage remained almost
unchanged. When equilibrium was reached, the percentage removal was 53.27% and 41.49%
for safranin O and merbromin, respectively (Figure 3d). This result was obvious, because
when equilibrium was reached, all the adsorption sites were closed, and there were no
vacant adsorption sites.

For the kinetic study, the pollutants were adsorbed on MOF-5 for 180 min for safranin
O and 210 min for merbromin. The removal percentages in both cases were checked
periodically, and the data are plotted in Figure 4a,b. The kinetic data fit well to the linear
form of the pseudo-first-order model. All calculations and related figures are presented
in Supplementary Materials (Table S1 and Figure S2). Here, for safranin O, as the value
of R? (=0.98) was close to unity and the value of the experimental adsorption capacity
(Qe(ex) =7.99 mg/g) was well matched to the calculated value (Qe(cal) = 6.22 mg/g), it can
be concluded that in this case, a pseudo-first order should be the kinetic model. Meanwhile,
in the case of merbromin, RZ was 0.98, and here, Qe(ex) = 10.37 mg/g, which was matched
well with the theoretical one (Qe(cal) = 9.75 mg/g) for the pseudo-first order. Here, R? is
the correlation coefficient, as reported in the literature [51]. According to the literature, our
experimental data fit well with the pseudo-first-order kinetic model, as evidenced by the
highest R? value [51,52].
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Figure 4. (a) Pseudo-first-order plot of safranin O removal, (b) pseudo-first-order plot of merbromin
removal, (¢) Freundlich isotherm plot of safranin O adsorption, and (d) Freundlich isotherm plot of

merbromin adsorption.

2.5. Effect of Adsorbate Dosage and Isotherm Modeling

The variation in the initial concentration (C,) of waste contaminants is another impor-
tant factor in the sorption process. The equilibrium adsorption capacity (Q.) was found
to be maximum (8.19 mg/g) at the 15 mg/L concentration and minimum (1.61 mg/g) for
the 2 mg/L solution of safranin O. Meanwhile, in the case of merbromin, the equilibrium
adsorption capacity (Q.) was found to be maximum (12.22 mg/g) at a higher concentration
(25 mg/L) and minimum (0.09 mg/g) at a lower concentration (1 mg/L) (Figure 3b). This
occurs because at higher concentrations of pollutant molecules, there is a higher probability
of collisions with adsorption sites on the adsorbent surface. Again, the mass transfer
improves during adsorption, which can decrease the mass transfer resistance and hence
increase the adsorption capacity [53,54].

Isotherm modeling is important for this analysis, as it provides information regard-
ing the isotherm adsorption behavior for the removal process of these contaminants.
Five isotherm models (Langmuir isotherm, Freundlich isotherm, Temkin isotherm, Elovich
isotherm, and Dubinin—-Radushkevich isotherm models) were investigated to determine the
adsorption process. The results of the experiment are shown in Figures 4c,d, S3 and 54 and
Table S2. From the data, it can be concluded that the best-fitting model for both cases was
the Freundlich isotherm. Thus, the adsorption was multilayered, with Kg = 1.24 [mg. g~!
(mg L=1)~%6214] (for safranin O) and 2.04 [mg. g~ ! (mg L~1)~0¢919] (for merbromin), and
n values were 1.60 (for safranin O) and 1.44 (for merbromin). Linear fitting was performed
using the R?.

Different Qmax values for dye removal by MOF-5 are reported in Table 1 (if we assume
that the removal follows the Langmuir isotherm model, then only the Qmayx values were
8.19 mg/g and 22.22 mg/g for safranin O and merbromin, respectively (Table 52)). From
the table, it can be concluded that our prepared MOF-5 also works as well as the other
reported MOF-5s, and that it is even superior to some other MOF-5s.
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Table 1. Comparison of Qmay for different dye removals by MOF-5.

Adsorbate Type of Dye Qmax (mg/g) References
Aniline blue Cationic 55.34 [49]
Methylene blue Cationic 51.81 [55]
Malachite green Cationic 50.69 [56]
Methylene blue Cationic 2.632 [49]

Safranin O Cationic 8.19 This study
Congo Red Anionic 769.23 [57]
Orange II Anionic 10.01 [49]

Merbromin Anionic 22.22 This study

Overall, it can be concluded that MOF-5 had certain advantages over other different
adsorbents. It has also been found that MOFs are more or similarly efficient in comparison
to other kinds of adsorbents (e.g., nanomaterials, bio adsorbents, graphene oxide, carbon
nanotubes, and aerogels) that are used for wastewater treatment. Comparisons between
the Qmax values of different adsorbents for the removal of different dyes are reported in
Table 2 (to the best of our knowledge, merbromin removal has not yet been reported).

Table 2. Comparison of Qmax for different dyes with MOFs and other adsorbents.

Adsorbent Adsorbate QOmax (mg/g) References
Coconut coir Methylene blue 15.59 [32]
Egg shell Methylene blue 16.43 [33]
Activated lc).a}rbon from waste Methylene blue 1021 [34]
iomass
ZnO hydrid beads Basic blue 41 1.0-8.0 [35]
Polylactide/spent grain Malachite green 1.48 [36]
ZnO nanoparticles Methylene blue 0.3428 [37]
Coir pith carbon Methylene blue 5.87 [58]
ZnO@anana}s comosus waste Celestine blue 6.52 [37]
biomass
Ananas comosus waste biomass Celestine blue 5.42 [37]
Brewery spent grain Malachite green 2.55 [36]
Poultry feathers Malachite green 3.55 [36]
Ananas comosus waste biomass Celestine blue 5.42 [37]
MOF-5 Merbromin 22.22 This study
MOFEF-5 Safranin O 8.19 This study

2.6. Thermodynamics of Adsorption

The adsorption removal efficiency with respect to temperature is shown in Figure 5a,

and the data are represented in Table S3. The removal efficiency increased with increasing
temperature in both cases. The data were plotted as [In (1/C¢) vs. temperature (1/T)]
(Figure 5b), and the thermodynamics of adsorption were modeled using linear regression
curves. The R? value was higher than 0.98, which proved that the curves were well
fitted. AH values were calculated to be 18.77 kJ/mol and 11.16 kJ/mol for safranin O
and merbromin, respectively, from Figure 5b (overall results are displayed in Table S3). A
positive AH value indicates that both adsorptions are endothermic in nature, and a negative
AG value implies that the adsorption is spontaneous [59]. The AG value is important
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because it indicates whether the adsorption is physisorption or chemisorption. If the AG
value is negative and ranging from 0 to 20 kJ/mol, then it is physisorption, and if it
is negative within the range of 80 kJ/mol to 400 kJ/mol, then it is chemisorption [60];
however, the AG® value varied from —3.8 to —4.2 kJ/mol for safranin O and from —3.4
to —3.8 kJ/mol for merbromin, and in both cases, the negative AG value was lower than
20 kJ/mol; hence, the adsorption process was physisorption [49,61]. Here, AS was highly
positive, indicating that during the adsorption process, the degrees of freedom increased at
the solid-liquid interface [45].
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Figure 5. (a) Effect of temperature on removal percentage, (b) plot of In(1/Ce) vs. (1/T).

2.7. Effect of Natural Ions and Molecules Present in Real Water

To determine the impact of other metal ions, anions, small molecules, and other
microorganisms on the adsorption behavior of the two organic pollutants, an adsorption
study in lake water was performed. The removal of various ions (Na*, K*, F~, Cl~, SO42-,
PO,3~, Mg?*, and Ca?*) from contaminated real water was performed using the same
concentrations of the two pollutants. At room temperature and neutral pH, the adsorption
percentages of safranin O and merbromin were 34.00% and 26.28%, respectively. These
values are lower than those in the simulated wastewater. These changes were due to
several ions and other molecules being present in the real wastewater sample, which
competed with these pollutants and reduced their adsorption capacity. Table S4 presents
their amounts, and a comparison of the percentages of adsorption of the pollutants in the
simulated wastewater and lake water is presented in Figure 6a.
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Figure 6. Comparison of removal percentage in (a) simulated wastewater and surface water contain-
ing various ions; (b) desorption of the dyes in different eluents.
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2.8. Regeneration of Adsorbent

Figure 6b shows the desorption percentages of both dyes in the different solvents
after a single desorption cycle. It was found that after 180 min, the maximum desorption
percentage for safranin O was 45.4% in HCl, for merbromin, it was 21.6% in NaOH, and
it then remained constant after further exposure. The desorption percentages of safranin
O were found to be 13.6% for NaOH, 11.7% for NaCl, and 9.2% for methanol. This is
acceptable, as safranin O is a cationic dye, and H3O" can effectively replace safranin O,
because it can form a stronger interaction with MOF-5 than with safranin O. Furthermore,
NaOH and NaCl both form the same cation Na*, so their desorption ability is comparable
because of their poor charge density due to their larger size compared to H3;O*.

However, for merbromin, the desorption percentages were 6.3% in HCl, 1.7% in NaCl,
and 5.6% in methanol. In the presence of NaOH, owing to the high pH of the eluent, the
surface of MOF-5 became highly negatively charged (PZC for MOF-5 was 4.6), along with
the formation of more OH™ ions within the solution. Therefore, OH™ ions can effectively
replace the anionic merbromin from the MOF-5 surface compared to other conditions. As
the desorption percentage was lower than 50%, further cycles were not performed.

2.9. Plausible Mechanism of Adsorption

MOFs can have both positive and negative charges on their surface depending on the
pH, while safranin O is a positively charged dye, and merbromin is anionic in nature [62].
If MOFs have a positive charge, they can attract negative or anionic dyes, and if MOFs are
negatively charged, they can attract positively charged dyes electrostatically. Therefore,
electrostatic attraction is the predominant factor in the adsorption of MOFs [63]. Dyes can
also be adsorbed via 7-7 interaction [64], hydrogen bonding [65-67], ion exchange [68,69],
Lewis acid-base interactions [70-72], etc.

For electrostatic interactions, the MOF surface and the adsorbate should have opposite
charges, so that they can easily be attracted to each other and hence adsorbed through a pure
Coulombic attraction force. In the case of m—7-type interactions, noncovalent interactions
occur between the two aromatic rings. Hazrati and Safari [73] reported that the sorption
of reactive black 5 on a Cd-based MOF (TMU-8) is due to 7—r interaction between the
aromatic ring of reactive black 5 and the framework of the MOF. Again, an exchange of
ligands or ions between the two intricate structures is found for the sorption of dyes onto
MOFs via the ion exchange process. According to Yao et al. [68], adsorption occurs via
ion exchange between the [(CH3),NH;]" ions that are present in JLU-Liu 39 and cationic
dyes (methyl violet, methylene blue, and rhodamine B) [68]. According to Zhao et al.,
the presence of Ni?* as a Lewis acid enhances the removal of Congo red onto GO/MOFs
through a Lewis acid-base interaction [72]. There is also a mechanism called adsorption
through hydrogen bonding, which has rarely been reported.

According to the adsorption kinetics in the present context, MOF-5 is more useful
and has a better adsorption capacity for cationic dyes (safranin O) than for merbromin.
This may be explained by the electrostatic interactions between the negatively charged
MOFEF-5 surface and the cationic dye (Figure 7). The carboxylate moiety of MOF-5 forms
a negatively charged framework. At pH 10, the framework becomes negatively charged
(PZC for MOE-5 was 4.6), thus enhancing the adsorption of safranin O.

In contrast, merbromin is electronically anionic, and at a lower pH, it becomes proto-
nated and remains mostly neutral. Thus, at a lower pH, there might be a weak 7-7t-type
interaction, but as the pH of the medium increases, there will be electrostatic repulsion
between the merbromin molecule and the MOF-5 surface. Furthermore, there may be a
major chance in the interaction between the aromatic ring of the ligand that is present in
the MOF and the lone pairs of oxygen that are present in the merbromin dye at a lower pH.
This 7-m-type interaction was reported by Elsherbiny et al. [49] and was the main cause for
the adsorption of merbromin onto MOF-5. As the m-mi-type interaction is weaker than the
pure electrostatic interaction, the removal percentage of merbromin is comparatively lower
than that of safranin O.
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Figure 7. Plausible mechanistic pathway for multilayer adsorption of safranin O and merbromin
on MOF-5.

3. Materials and Methods
3.1. Chemicals and Reagents

Safranin was purchased from Sigma-Aldrich, India, merbromin from Loba Chemie,
Mumbeai, India, and other common reagents were purchased from a local chemical com-
pany. All chemicals used in this study were of analytical grade and used without further
purification. All solutions used in the adsorption experiments were prepared using Milli-Q
water. The adsorption of these pollutants onto MOF-5 was also evaluated in a real wastew-
ater sample, collected from Kochbihar Lake (Sagar Dighi), Cooch Behar, West Bengal, India,
on 12 June 2023.

3.2. Preparation of MOF-5

MOF-5 was synthesized following a previously reported procedure [74] with some
modifications. First, terephthalic acid (0.033 g, 0.2 mmol) was dissolved in 20 mL of DMF in
a conical flask, and then, the zinc nitrate tetrahydrate (0.156 g, 0.6 mmol) solution (in 20 mL
of DMF) was added with continuous stirring. The reaction mixture was heated in an oil
bath at 110 °C for 24 h, cooled to room temperature, repeatedly washed with DMF followed
by anhydrous chloroform, soaked for 24 h in chloroform, filtered, and vacuum-dried for
24 h. MOF-5 was then kept under vacuum for 2 h, while being activated at 105 °C.

3.3. Characterization Techniques

The common instruments used to perform the experiments were a Remi R-8C cen-
trifuge, Remi orbital shaker (Model RS-36BL, Remi, Mumbai, India), Fisher Scientific
Accumet pH meter (Model AB 250, Fisher Scientific, Loughborough LE11 5RG, UK), and
Milli-Q Plant from Labconco Water Pro/Ro, Labconco, Kansas City, MO, USA. Skeletal
analysis of MOF-5 was performed using Fourier transform infrared (FTIR) spectroscopy
on a Benchtop Labtronics LT-4100, Labtronics, Welwyn Garden City AL7 1TW, UK, and
crystallinity was investigated by powder X-ray diffraction (PXRD) on a Thermo Scientific
ARL Equinox 1000, ThermoFisher Scientific, Waltham, MA, USA. Morphology, size, and
elemental analyses were performed using field-emission scanning electron microscopy
(FESEM) and energy-dispersive spectroscopy (EDS) (Zeiss EVO 18 from IIT Palakkad, Ker-
ala, India). The experimental analysis was performed using a UV-vis spectrophotometer
(Thermo Scientific Evolution 201, Fisher Scientific, Loughborough LE11 5RG, UK).
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3.4. Adsorption Isotherm Model

Adsorption isotherm modeling is an important parameter. Numerous adsorption
isotherm models have been developed to fit the experimental adsorption equilibrium
data. This study utilized commonly used solid-liquid adsorption isotherm models. The
different adsorption isotherm models with their equations and other statistical parameters
are plotted in Table 52 [61,75-77].

3.5. Adsorption Thermodynamics

For the thermodynamic study of adsorption, different authors have reported different
techniques for calculating adsorption thermodynamic parameters [78-81]. In this regard,
as adsorption follows the Freundlich model, we consider the equations reported in the

literature [76,82].
1 AH
AG® = —nRT )
AH® — AG°
AS°® = #G 3)

where Ce is the equilibrium adsorbate concentration (mg/L) in the solution, n is the fitting
constant of the Freundlich exponent, Ky is the Freundlich empirical constant. R is the
universal gas constant (8.314 ] /(mol K)) and T is the temperature (K). From the slope of the
plot of In 1/C, versus 1/T, the enthalpy change in adsorption (AH®) was calculated.

4. Experimental
4.1. Batch Adsorption Experiments

A comparative study of the adsorption behavior of MOF-5 towards safranin O and
merbromin was performed using the batch method. To study the effect of the initial
adsorbate concentration, different concentrations of safranin O (2-15 mg/L) and merbromin
(1-25 mg/L) were prepared from 100 mg/L stock solutions of the two pollutants. The
removal percentages of pollutants were also studied using different amounts of adsorbent,
ranging from 250 to 2000 mg/L. Adsorption was studied in the pH range of 2-12 to
determine the effect of pH on removal. The pH of the solution was adjusted using 0.1 M
NaOH and 0.1 M HCl. Adsorption experiments were conducted at different temperatures
(289,299, 309, and 319 K) to determine the thermodynamic parameters of the process, such
as the Gibbs free energy change (AG), enthalpy change (AH), and entropy change (AS).

Except where otherwise stated, the sorption experiment was carried out at room
temperature (r.t.) using 15 mg/L of safranin O at pH 10 and 25 mg/L of merbromin at pH
6; the volume of the solution was 10 mL. In all the cases, the amount of MOF-5 was 10 mg,
which remained the same unless otherwise stated. Safranin O and merbromin were mixed
with MOF-5 separately for 180 min and 210 min, respectively, and shaken at 250 rpm in
an orbital shaker from Remi (model number: RS-36BL, Remi, Mumbai, India). Aliquots
were periodically collected, centrifuged, and monitored using a UV-Vis spectrophotometer
(519 nm for safranin O and 505 nm for merbromin) to evaluate the progress of the reaction.
Before the UV-Vis spectral scanning for the determination of the pollutant concentrations,
centrifugation was performed every time on a Remi centrifugation (Remi R-8C, Remi,
Mumbai, India) at 1200 rpm for 10 min to extract MOF-5 from the solution.

The adsorption percentage and capacity (q) were calculated using Equations (4) and (5),
respectively.

Adsorption (%) = (COC;CO x 100 4)
0

q = =Sy ©)
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where C, and C; are the dye concentrations (mg/L) initially and after adsorption, respec-
tively, and V and m are the volume (L) of the solution and mass (g) of MOEF-5, respectively.

Because the adsorption process was performed in an aqueous medium, the aqueous
stability of MOF-5 was an important issue. In many studies, it was mentioned that MOF-5
showed considerable stability in aqueous media even after 24 h, and as the equilibrium of
adsorption was reached within 24 h in the present study, in the presence of water, the sta-
bility and the adsorption procedure were not hampered. For example, Elsherbiny et al. [49]
concluded from the TGA data that Zn-BDC (MOEF-5) is considerably stable upto 425 °C,
which could be advantageous for the removal of pollutants at high temperatures. They
also performed a test of stability in water, and the results were satisfactory. Therefore,
MOF-5 could be used to treat wastewater. There are other examples too, such as Moham-
madi et al. [56] used MOEF-5 to remove malachite green from simulated wastewater.

4.2. Regeneration of Adsorbent

In addition to adsorption, regeneration (or desorption) is an important mechanism by
which MOF can be recovered and reused. This was studied after the adsorption process for
both safranin O and merbromin was completed. In this regard, MOF-5 was initially well
saturated with the adsorbate solutions (15 mg/L at pH 10 for safranin O and 25 mg/L at pH
6 for merbromin; volume in each case = 10 mL); thereafter, centrifugation and decantation
were performed, followed by washing with Milli-Q water. For the regeneration step, the
adsorbate-loaded MOF-5 was then mixed with 0.01 M HCl, 0.01 M NaOH, 0.01 M NacCl,
and 99.8% MeOH separately and shaken till equilibrium [83].

The percentage of desorption was determined by the following equation (Equation (6)):

Desorption (%) = amount of dye desorbed
P °/ ™ amount of dye adsorbed

100 (6)

5. Conclusions

In general, MOEF-5 was effectively synthesized and characterized by FT-IR, PXRD,
FESEM, and EDS using the reported data. The MOF-5 particles were cubic. Two organic
pollutants, safranin O and merbromin, were removed successfully using MOF-5 from
the simulated wastewater. The pollutant removal followed pseudo-first-order kinetics
and the Freundlich adsorption isotherm model. Moreover, thermodynamic parameters
demonstrated that adsorption occurs naturally as physisorption and is thermodynamically
favorable (AG = — ve for both safranin O and merbromin). A reduction in the percentage
of adsorption occurred when real wastewater containing various ions (Na*, K*, F~, Cl~,
8042’, PO43’, Mgz*, and Ca2+) was used. Safranin O and merbromin are widely used in
biological staining and pharmaceuticals despite their hazardous effects. We hope that this
removal study will be helpful in controlling water pollution that is caused by industrial and
pharmaceutical issues as much as possible by adding this new method for the improvement
of the environment.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390 /molecules29040886/s1, Figure S1: (a). EDS spectra of as synthesized
MOFEF-5 and (b). elemental mapping of MOF-5; Figure S2: (a) pseudo second order plot of merbromin
removal, (b) pseudo second order plot of safranin O removal, (c) intra-particle diffusion of merbromin
removal, (d) intra particle diffusion of safranin O removal; Table S1: Statistical data for different
Adsorption Kinetics; Figure S3: Different Adsorption Isotherms for Merbromin adsorption onto
MOF-5 (a) Langmuir isotherm, (b) Temkin isotherm, (c) Elovich isotherm, (d) Dubinin-Radushkevich
isotherm; Figure S4: Different Adsorption Isotherms for Safranin O adsorption onto MOF-5 (a)
Langmuir isotherm, (b) Temkin isotherm, (c) Elovich isotherm, (d) Dubinin-Radushkevich isotherm;
Table S2: Statistical data for different adsorption isotherm; Table S3: Thermodynamic parameters for
dye adsorption onto MOF-5; Table S4: Various parameters in Kochbihar lake water.
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Abstract: Rare-earth (RE)-based metal organic frameworks (MOFs) are quickly gaining popular-
ity as flexible functional materials in a variety of technological fields. These MOFs are useful for
more than just conventional uses like gas sensors and catalyst materials; in fact, they also show
significant promise in emerging technologies including photovoltaics, optical, and biomedical ap-
plications. Using yttrium and europium as ionic host centres and dopants, respectively, and 1,3,5-
benzenetricarboxylic acid (H3-BTC) as an organic linker, we describe a simple and green approach for
the fabrication of RE-MOFs. Specifically, Y-BTCs and Eu-doped Y-BTCs MOFs have been synthesised
in a single step using an eco-friendly method that makes use of ultrasound technology. To establish a
correlation between the morphological and structural properties and reaction conditions, a range
of distinct reaction periods has been employed for the synthetic processes. Detailed analyses of the
synthesised samples through powder X-ray diffraction (PXRD), field emission scanning electron
microscopy (FE-SEM), and Fourier-transform infrared spectroscopy (FT-IR) have confirmed the phase
formation. Furthermore, thermal analyses such as thermogravimetric analysis (TGA) have been
employed to evaluate the thermal stability and structural modifications of the Y-BTC and Eu-doped
Y-BTC samples. Finally, the luminescent properties of the synthesised samples doped with Eu** have
been assessed, providing an evaluation of their characteristics. As a proof of concept, an Eu-doped
Y-BTC sample has been applied for the sensing of nitrobenzene as a molecule test of nitro derivatives.

Keywords: trimesic acid; yttrium-based MOF; morphological control; thermal stability; ultrasound;
X-ray diffraction

1. Introduction

The scientific community has recently devoted a lot of interest to the study of metal-
organic frameworks (MOFs), a unique class of materials that exhibit a number of fascinating
properties. The ability to modify these features by appropriately altering the MOFs’ struc-
ture, which can be changed by altering the metal centres, the organic linkers, and the
synthesis’ operational parameters, including temperature, process length, etc., is the pri-
mary reason for this interest [1]. A subclass of MOFs called luminescent MOFs has lately
attracted a lot of attention because of their prospective applications in areas including
sensing [2,3], lighting technologies [4], selective separation [5], and biological fields [6-10].

The primary luminescent emission mechanisms discovered for these compounds can
be categorised into groups like organic linker-based emission, such as ligand-to-metal
charge transfer (LMCT) or metal-to-ligand charge transfer (MLCT), metal-based emission,
and antenna effect [11]. Specifically, the type of metal utilised determines most of the
luminescent characteristics of produced MOFs; these substances emit light at certain
wavelengths via a mechanism of metal atomic relaxation. For instance, rare-earth-based
MOFs (RE-MOFs) exhibit bright luminescence as framework ions; nevertheless, the strength
of their luminescence can be boosted via the antenna effect [12,13]. To date, many RE-MOFs
have been made using various organic linkers [14-17]. In particular, due to the presence
of oxygen atoms in carboxyl groups, organic linkers such as 1,3,5-benzenetricarboxylic
acid (H3-BTC) or 1,4-benzenedicarboxylic acid (Hp-BDC) are able to coordinate metal ions
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to form highly stable three-dimensional networks [18,19]. Regarding the central metal,
Y3*-based compounds are commonly used as matrices for traditional luminescent ions,
such as Eu®*, Tb%*, and Tm3* [20-23].

In regard to applications, RE-MOFs are now being developed as the most promising
luminescent sensing materials for the detection of explosives [24], antibiotics [25], haz-
ardous compounds and ions [26-28], heavy metals [29,30], and more. They have also been
developed as catalysts [31], in thermometry [32,33], and in biological applications [34-38].
Additionally, the combination of RE-MOFs with polymeric structures could produce brand-
new composite materials that merge the exceptional properties of MOFs with the features
of the polymer supports [39-42].

Most RE-MOF synthetic approaches employed so far depend on solvothermal or hy-
drothermal techniques, which require high pressure, potentially hazardous organic solvents,
and extremely lengthy reaction times [43—46]. There has not been too much effort, up to now,
to change to a greener synthetic solution approach. For instance, Medina-Velazquez et al. [47]
have developed Eu-BTC MOF nanopowders of high purity that are insoluble in water at
room temperature in a basic medium. Zheng et al. [48] proposed the successful production
of a variety of nano MOFs by chelating benzene tricarboxylic acid with various lanthanide
ions on a wide scale by a one-step precipitation process in solution phase under ambient
conditions. Recently, we performed a comprehensive study in which various reaction times
and temperatures were tested in order to link the morphological and structural characteristics
to the synthetic conditions [49]. This study has allowed us to better understand the mecha-
nisms that would enable morphological control. Thus, while the morphology of the Y-BTC
systems changes at higher synthetic temperatures with smaller and less homogenous crystals,
the reaction time appears to favour a control in the development with an enhancement in
morphological uniformity, both in terms of shape and size [49].

In the attempt to speed up the reaction process, reduce the reaction time, and switch to
a greener method, several approaches have been developed, such as ultrasound (US) [50,51],
microwave [52], mechanochemical synthesis [53,54], and electrodeposition [55].

In particular, the ultrasound method may increase the reactivity of the reagents,
accelerate the crystallisation process, and produce homogeneous crystal particles with
precise sizes [56]. In contrast, the reaction temperature and time, the solvents, and the
process conditions have a strict influence on the grain size of the particles formed using
techniques like hydrothermal or solvothermal synthesis.

Very few studies in the literature propose this convenient and fast synthetic method for
the production of rare-earth-based MOFs [57-59]. More space is given to MOFs based on
transition metals, such as Cu-BTC or even Zn-BTC, which are often used as catalysts [60,61].

In this study, we propose a green, facile, and rapid synthetic strategy to produce
Y-BTC and Eu-doped Y-BTC MOFs using ultrasound (US) as a promising synthetic method.
Specifically, the Y-BTC and Eu-doped Y-BTC MOFs have been synthesised under ultra-
sound at room temperature with reaction durations of 15, 30, 60, and 90 min. For the
various Y-BTC and Eu-doped Y-BTCs samples, structural, thermal, and morphological char-
acterisations have been carried out. Powder X-ray diffraction (PXRD), Fourier-transform
infrared spectroscopy (FI-IR), thermogravimetric analyses (TGA), and differential scanning
calorimetry (DSC) have all been used to evaluate the materials. Field emission scanning
electron microscopy (FE-SEM) has been used to examine the morphology of powders that
were directly deposited on aluminium stubs and sputtered with gold. This investigation
provides a correlation between structure/morphology and synthetic process parameters.
For the Eu-doped Y-BTC, preliminary luminescence characterisations and sensing of nitro
derivatives have been carried out.

2. Results
2.1. MOF Synthesis

Using commonly accessible chemicals, water and ethanol as solvents, and mild pres-
sure and temperature conditions, Y-MOFs have been synthesised through a straightforward
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ultrasound-assisted method. In several fields of chemical research, US-assisted synthe-
ses have received a lot of interest. The possibility of carrying out chemical reactions at
ambient temperature and pressure is one of the numerous advantages of ultrasonic tech-
nology. This ability is primarily attributed to the process of acoustic cavitation, which is
the generation, growth, and collapse of bubbles, resulting in extraordinarily high local
pressures and temperatures [62]. This approach has proven to be a successful means for
synthesising MOFs at low reaction times, low reaction temperatures, and atmospheric
pressure [57-59]. The syntheses have been carried out in water/ethanol solutions us-
ing 1,3,5-benzenetricarboxylic acid (H3-BTC) as the organic binder, commonly known as
trimesic acid, and Y(CH3COQO)3exH,;0 and Eu(CH3COO)3;exH,O as precursors of Y3+ and
Eu®*, the host metal centre and ionic dopant, respectively. Thus, two different types of
systems have been synthesised: (i) pure Y-BTC MOFs with just yttrium as the metal centre,
called Y-BTC; and (ii) Eu-doped Y-BTCs structures, named Y-BTC:Eu (10%). An Eu amount
of 10% has been chosen to have enough luminescence signal for sensing applications,
considering that usually pure Eu-MOFs are used for this purpose.

The syntheses were conducted under ultrasound at room temperature and atmo-
spheric pressure for various reaction times according to the following reactions for Y-BTC
(Equation (1)) and for Y-BTC:Eu (Equation (2)) and as reported in Scheme 1:

H,0/EtOH

(CHgCOO)gOXHzO + Hsz — BTC [ (BTC)'6H20] + 3CH3;COOH 1

0.9 Y(CH3COO0)30xH,0 + 0.1 Eu(CH3CO0)30xH,0 + Hs — BTC 205! 2

[YOQEUOJ (BTC) 6H20] + 3CH3COOH
/ BTC \

Y
Ry
Y-BTC : Eu (10%)

H £ N H o1
UsS 15' 30' 60’, 90’
t

= Y-BTC $

Bath

k Sonication j

Scheme 1. Scheme of the various syntheses of Y-BTC and Y-BTC: Eu (10%) under ultrasound and at
different reaction times (15-90 min).

@1
</@\.g

2.2. Structural and Morphological Characterisation

For each synthesis of Y-MOFs and Y,Eu-MOFs, structural characterisations have been
carried out concurrently through XRD and FE-SEM in order to ascertain if potential alter-
ations or MOFs morphology changes are closely associated with their crystal structure.
An overview of SEM images and XRD patterns for MOFs of Y-BTC:Eu (10%) made by
ultrasonic-assisted synthesis is shown in Figure 1. The PXRD patterns of all Y-BTC:Eu
(10%) syntheses are comparable. Specifically, for Y-BTC: Eu (10%) synthesised under ul-
trasound conditions for 15 (sample US 15, reddish line) and 30 (sample US 30/, orange
line) minutes, the crystal structures are consistent with the one described in ref. [63], which
is coherent with the crystalline phase Y(BTC)(H,O);. Figure S1 reports a comparison of
the Y-BTC: Eu (10%) US 15’ with the Y(BTC)(H,O)g (GOCYAY) structure [63]. This result
finds a counterpart in the product observed in the green synthesis of Y-BTC MOFs at room
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temperature and atmospheric pressure in a water/ethanol solution [49]. Nonetheless, as
the reaction time increases, peaks suggest the presence of a second phase that starts to
develop alongside the main crystalline phase, e.g., see the Y-BTC:Eu (10%) US 60" (blue
line) and US 90’ (green line). This minority phase may be connected to a novel crystal
structure recently described, different from all the other known structures, which consists
of Y3*/BTC3~ units and a very small amount of water, [Y(BTC)]3H,O. Such structure
was produced by employing a synthesis under reflux that took place in a water/ethanol
solution for 24 h at a temperature of 80 °C [49].

< £ . :‘!. \
S )

——Y-BTC : Eu (10%) US 90'
——Y-BTC:: Eu (10%) US 60'

Y-BTC : Eu (10%) US 30'
——Y-BTC: Eu (10%) US 15'

2 A AAM A
A A M
VAV VU LA/

8 12 16 20 24 28 32 36
20 (degree)

Figure 1. XRD patterns and FE-SEM images of Y-BTC:Eu (10%) samples produced under ultrasound
with different reaction times: 15, 30, 60, and 90 min. * indicates peaks of the minority phase due to
the novel crystal structure [Y(BTC)]3H,O [49].

Time in ultrasonic synthesis also significantly affects morphology, paralleling struc-
tural changes. The FE-SEM images obtained for Y-BTC: Eu (10%) synthesised under US for
15 min (reddish line) indicate that the sample is extremely inhomogeneous, with rod-like
structures in the order of several tens of microns, porous flower-like structures, needle-like
crystals, and others in the shape of bundles of tubes. Thus, highly inhomogeneous struc-
tures of all sizes, from those that are nearly “macroscopic” to those with dimensions in the
tens of nanometers and a high aspect ratio, are present as a result of the first formed product.
A reduction in morphological and dimensional inhomogeneity may be seen by reaching
30 min (Y-BTC: Eu (10%) US 30’—orange line), in which the flower and stick shapes are
maintained. A further improvement in morphological and dimensional homogeneity is
shown in the sample synthesised for 60 min (Y-BTC: Eu (10%) US 60’—blue line), with
elongated stick-shaped structures having lengths on the order of tens of microns. With
these reaction times, smaller, flattened, sheet-like structures also start to emerge. After
90 min of ultrasound, the morphology finally seems more altered than one may expect: the
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huge sticks start to break, and the leaflet morphologies become more apparent and bigger
(US 90/, green line).

This alteration in morphology is likely to be connected to the structural alterations of
Y-BTC:Eu (10%); at high synthetic times (US 60’ and US 90'), the variation in the structure
and, therefore, in the morphology, suggests that it may be linked to the synthetic process.
The ultrasonic cavity procedure might produce free radicals that cause the material’s
structure to change as a result of the high pressure and high temperature conditions that are
locally present in the reaction environment. The frequency of ultrasound-induced collisions
increases with time, accelerating the interaction between the substrate and the reactant and
likely leading to structural and morphological changes.

Energy dispersive X-ray analysis has also been performed on all the Eu-doped Y-BTC
samples to gather qualitative and quantitative data on the presence of europium in the structures.
As a proof case, the EDX spectrum of the US 90’ sample is reported in Figure S2. The X-ray
L lines of Eu and Y are observed in the range 5.8-6.5 keV and at 1.92 keV, respectively, in
addition to the C K« peak found at 0.28 keV and the O K peak at 0.524 keV. In particular, the
quantitative analysis gives a percentage of Eu doping in the sample of 9.5 & 0.5%.

A similar situation in terms of structural and morphological characteristics is found
for the undoped Y-BTC MOF synthesised by ultrasound for 15, 30, 60, and 90 min. The
XRD patterns of Y-BTC samples synthesised at various times are displayed in Figure 2. For
the undoped samples, it is also evident that the Y-BTC US 15’ sample produced a pattern
analogous to the structure of ref. [63]. The two samples of Y-BTC and Y-BTC: Eu (10%)
synthesised for 15" appear to be isostructural with the GOCYAY structure [63], in which
yttrium is nona-coordinated by six oxygen atoms from water molecules as well as three
oxygen atoms from three carboxylate groups to form a tricapped trigonal prism (Figure S3).
A comparison of the three patterns of Y-BTC US 15/, Y-BTC: Eu US 15/, and GOCYAY
is reported in Figure S1. On increasing reaction time, peaks corresponding to a second
crystalline phase appear for samples Y-BTC US 30, 60’, and 90’, analogously to what is
observed for the Eu-doped Y-BTC MOFs.

The morphology of the US samples of Y-BTC similarly displays the same characteristics
as those of the doped samples. In fact, the Y-BTC US 15" MOF (pink line) mostly depicts
heterogeneous structures, with a tendency for stick-like growths of various sizes and shapes
to eventually take on the appearance of flowers. The morphological inhomogeneity starts to
reduce as the reaction time increases (US 30'—blue line), and the sticks that have developed
have thicker and longer lengths. Furthermore, sheet-like forms start to emerge. The MOF
sticks keep expanding in size and form for the Y-BTC US 60" sample (green line), reaching
lengths in the tens of microns. The stick structures finally seemed fractured after reaction
times of 90 min (blue line), so the sticks changed into bigger sheet-like shapes.

The FT-IR spectra of the Y-BTC and Y-BTC: Eu (10%) samples synthesised for 15 and
90 min provide additional support to the observations made by PXRD patterns. The FT-IR
spectra of Y-BTC US 15" and Y-BTC US 90" are shown in Figure 3a. According to the
degree and type of hydration in the two systems, these spectra demonstrate the existence
of multiple peaks in the 3200-3500 cm ! region, more pronounced for the US 15" sample,
associated with the -OH stretching. The nujol C-H stretching causes the signal at 2900
cm~! to appear. Peaks at 1617 and 1560 cm ™! are related to the vibrations of the BTC
ligand, and in particular to the stretching of the C=0 and the asymmetric stretching of the
COO, respectively. The symmetric stretching of the COO", usually observed around 1400
cm~!, is buried under the peaks due to the nujol oil at 1458 and 1375 cm 1.

Additional peaks seen in the fingerprint region (1000-700 cm ™) can be accounted for by
the vibrational modes of the benzene rings and, in particular, the C-H bending vibrations. As
the PXRD patterns revealed a similar crystalline phase, it is expected that the FT-IR spectra of
the Y-BTC:Eu (10%) samples are equivalent to those of the parent undoped ones. Figure 3b
shows the FT-IR spectra of the Eu-doped Y-BTCs synthesised for 15 and 90 min. A sequence of
peaks at 3323, 3406, and 3485 cm ™!, are present in the area of -OH stretching, suggesting the
presence of water molecules coordinated to the metal ion (either Y or Eu). Peaks at 1614 and
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1562 cm~! represent the C=O stretching vibration and the COO™ asymmetric stretching,
respectively, associated with the BTC ligand inside the MOF structure. Peaks related to the
C-H bending vibrations are seen in the range of 1000~700 cm .

—Y-BTC US 90'
= —Y-BTC US 60'
—Y-BTC US 30'
—Y-BTC US 15'

Intensity (a.u.)

8 12 16 20 24 28 32 36 40

Figure 2. XRD patterns and FE-SEM images of Y-BTC samples synthetised under ultrasound for
different reaction times: 15, 30, 60, and 90 min. * indicates peaks of a minority phase due to the novel
crystal structure [Y(BTC)]3H,O [49].
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Figure 3. FT-IR spectra of (a) Y-BTC US 15’ and Y-BTC US 90’; (b) Y-BTC: Eu (10%) US 15’ and Y-BTC:
Eu (10%) US 90'.

2.3. Thermal Properties

Thermogravimetric measurements have been used to investigate the Y-BTC MOF’s
thermal stability and confirm the presence of water molecules. As a result, the thermal
characterisation of these Y-BTC samples is useful in identifying the potential presence and
quantity of coordinated water molecules inside the MOF structure. The TGA curves of the
Y-BTC US 15’ (pink line) and Y-BTC US 90" are shown in Figure 4a (light blue line). For the
Y-BTC US 15, a first weight loss step of about 6.9% can be seen at 66 °C, which is probably
the result of the loss of the first water molecule per unit formula Y(BTC)(H,O)s, while a
second, larger weight loss step of 26.1% can be seen at 125 °C, which is the result of the loss
of the additional five H,O molecules that coordinate the metal centre. The Y-BTC US 90’
exhibits a similar situation, showing three distinct weight loss steps of 4.4%, 8.4%, and
23.1% at temperatures of 62 °C, 86 °C, and 126 °C, respectively. These steps correspond to
the loss of roughly 5.4 H,O molecules over one Y(BTC) unit.
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Figure 4. TGA curves of (a) Y-BTC US 15" and Y-BTC US 90'; (b) Y-BTC: Eu (10%) US 15’ and Y-BTC:
Eu (10%) US 90'.

The curves show similar thermal behaviour for the Y-BTC: Eu samples (Figure 4b).
In particular, the graphs reveal two distinct weight losses at 72 °C and 120 °C. The first
step often results in the loss of 1.5 molecules of water per unit formula, whereas the second
step removes all 4 molecules of water that are still present, leaving behind a residue that is
compatible with anhydrous Y-BTC.
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The results of the thermal analysis are consistent with the infrared spectra, which show
peaks due to numerous -OH stretching, and with the XRD patterns, which show for all the
pure and Eu-doped Y-BTC samples a pattern corresponding to the Y(BTC)(H,O)¢ structure.

2.4. Luminescence Characterisation

Using dispersions of the Y-BTC: Eu (10%), US 15/, US 30, US 60/, and US 90’ samples in
aqueous media, photoluminescence measurements have been used to perform preliminary
luminescent characterisation (see Figure 5). A slight effect of the MOF’s crystal structure is
visible in the luminescence intensity of the various samples. Thus, no difference is found
for the samples produced at 15, 30, and 60 min, where just one, or at least a dominant,
crystalline phase is visible. In any case, the presence of a second crystalline phase in the
sample produced at 90 min does not significantly affect the luminescence behaviour of the
sample. At an excitation wavelength of 265 nm, all Eu-doped Y-MOF exhibit fluorescence
emission. In Figure 5, the spectra of the Y-BTC: Eu (10%) US 15" and Y-BTC: Eu (10%)
US 90’ are reported. The strong peaks centred at 592 and 618 nm may be attributed to
the 5Dy — “F; and °Dy — F, transitions, respectively, which represent two of the typical
emissions of the Eu* ion. It is interesting to evaluate the asymmetry ratio R, i.e., the ratio
between the integrated areas of the 5Dy — ’F, and °Dy — 7F; electronic transitions, which
can give a hint on the symmetry of the Eu®>* ion. In both cases, the R values of 1.43 and
1.65 for the Y-BTC: Eu (10%) US 15" and Y-BTC: Eu (10%) US 90’, respectively, are indicative
of a quite symmetric environment [64] for the Eu®* ion, as expected for a tri-capped trigonal
prismatic coordination, the coordination of europium when substituting yttrium in the
Y(BTC)(H,0O)g structure (Figure S3).
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Figure 5. Luminescence spectra of Y-BTC US 15" and Y-BTC US 90/, Aexc. = 265 nm.

The Y-BTC: Eu (10%) sample synthesised under ultrasound may hold promise as a
potential luminescent material for different applications and other practical uses due to its
strong emission, even for samples produced with very short reaction times.

2.5. Sensing of Nitro Derivatives

The Y-BTC: Eu (10%) samples synthesised under ultrasound may hold promise as
potential systems for the detection of nitro derivatives.

Nitroaromatic chemicals are the principal components of explosives used in acts of
terrorism and in improvised explosive devices. Thus, there is a critical need to develop
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reliable, user-friendly sensing materials for identifying nitroaromatic pollutants. As a proof
of concept, the Y-BTC: Eu (10%) MOF 90’ sample, chosen because it is well crystallised and
has a quite homogeneous morphology, has been applied as a fluorescent probe for sensing
nitrobenzene (C¢HsNO, or NB), a test molecule for nitro derivatives.

Aqueous solutions have been used to disperse the as-prepared Y-BTC:Eu MOF US 90’
(1 mg in 2 mL of H,0), and different quantities of C4HsNO, (10~% M solution in H,O) have
been added to the suspension. To guarantee equal distribution and avoid sedimentation
effects, the suspension has been sonicated for five minutes after each addition to produce
suspensions suitable for luminescent measurements. The choice of a 5 min period of
sonication allowed for the best possible interaction between the MOF and the identified
species. Figure 6a illustrates a pronounced quenching effect on both the °Dy — “F; and
5Dy — ’F, peak intensities of the Eu®* emission, which becomes evident even after the
addition of just 10 uL of NB contaminant. To quantitatively assess this phenomenon,
the Stern—Volmer (SV) equation Iy/1 = 1 + K¢ [M] [65] has been employed. The Iy and
I represent the intensity values of the most intense peaks (617.5 nm) of the Y-BTC: Eu
spectrum in the absence and presence of analytes, respectively. Ksy is the quenching
constant, and [M] denotes the absolute concentration of the analyte. The linear coefficients
R, close to one, reveal strong linear correlations and a good fit for the Stern—Volmer equation

model.
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Figure 6. (a) Emission spectra and (b) Ksy curve of Y-BTC: Eu (10%) dispersed into aqueous solution

(1 mg in 2 mL) in the presence of various concentrations of NB under excitation at 265 nm.

Furthermore, using the K, equation, the quenching impact of the aromatic component
nitrobenzene is expected to be 7.72 4= 0.79 x 10 M~!, indicating a very strong quenching
effect on the Eu®>" luminescence. The detection mechanism behind this intriguing behaviour is
attributed to the photo-induced intermolecular electron transfer between the MOF sensor and the
analyte, as assessed through density functional theory (DFT) and time-dependent DFT [66,67].

The presently found Ky value is higher than most of the previous works [68-72], proving
the excellent sensitivity of the Eu-doped Y-BTC MOF to detect nitroaromatic compounds.

These findings demonstrate a promising outcome considering that presently only a
10% Eu-doped sample has been used, making the testing technique less expensive than
using pure Eu-MOF structures.

3. Discussion

The ultrasound-assisted synthetic approach described in this study represents a green,
quick, facile, and reproducible preparation method that can be used for the synthesis of
Y-based MOFs in contrast to the existing synthetic methods reported in the literature, which
frequently involve numerous steps, high temperatures, toxic solvents, and long reaction
times. The US synthetic method has been demonstrated to be an effective approach for pro-
ducing MOFs with fast crystallisation times, low reaction temperatures, and atmospheric
pressure. This straightforward but effective synthetic method may be compared with
that described in ref. [59], which describes the production of isostructural Ln(BTC) MOFs
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(Ln = Ce, Tb, and Y) with a tetragonal structure at room temperature through ultrasonic
irradiation. In contrast to the previous study that focused on the minimum times for
the full crystallisation of the Ln-MOF, the reaction conditions used in the present study
have made it possible to conduct a more in-depth analysis of the crystallisation process
and correlate the morphology and structure of the various samples to reaction conditions.
The dopant’s contribution to both structural and luminescence properties of the Y-MOF
structure could also be examined. For instance, it was shown that regardless of the dopant’s
presence, the sample crystallinity tends to increase as the reaction time increases. The
Y-MOF crystal structure of all the synthesised samples with different reaction times is
comparable to that of ref. [63]. However, as reaction time increases, peaks that correspond
to a second crystalline form start to develop. Such a new secondary phase consists of
Y3+ /BTC3~ units and very little water. From a morphological perspective, reaction time
in ultrasonic synthesis promotes an improvement in shape distribution and a decrease in
length that is more evident at 90 min of reaction. In fact, several types of morphologies,
such as rod-like, flower-like, and needle-like structures, may be observed for Y-MOFs, both
doped and undoped, prepared at short reaction durations, i.e., 15 and 30 min. The 60 min
samples have a more uniform morphology, with stick-shaped structures on the order of
tens of microns. The luminescent features of these MOFs, caused by the presence of Eu
ions introduced as dopants into the Y-BTC structures, partly correlate with the synthesis
time and, therefore, the crystallinity of the final samples. The luminescence behaviour of
the Y-BTC: Eu (10%) US 15" and 90’ is similar, indicating that the fluctuation in the MOF
crystal structure does not significantly affect the emission of the Eu ion.

4. Materials and Methods
4.1. Materials

Yttrium(IIl) acetate hydrate and Europium(lll) acetate hydrate were purchased from
STREM Chemicals, and the 1,3,5-benzenetricarboxylic acid was purchased from Sigma-
Aldrich. All the reagents were used without other purifications. Two different sets of
syntheses have been performed. Scheme 1 provides a summary of the process.

4.2. Synthesis under Ultrasound

Y-BTC: Eu (10%). 50 mL of a water solution containing 3.6 mmol of Y(CH3COO)3;exH,O
and 0.4 mmol of Eu(CH3COO);exH,0O were added to a glass balloon with a grounded neck.
After that, the solution was mixed with 50 mL of ethanol containing H3-BTC (4 mmol), and
the system was exposed to ultrasound for various lengths of time: 15, 30, 60, and 90 min. The
products were simply filtered out after the various reaction periods, and the Eu-doped Y-BTC
precipitate was recovered, cleaned with water/ethanol, and allowed to dry in the open air.

Y-BTC. The undoped chemical products were obtained using a procedure similar
to that used to create the related Eu-doped Y-BTC product, starting with 50 mL of a
water solution containing 4 mmol of Y(CH3COO)3;exH,0O and 50 mL of ethanol containing
4 mmol of H3-BTC acid. The durations of the ultrasonic treatments on the system were 15,
30, 60, and 90 min, respectively. The product was filtered before being rinsed with water
and ethanol and dried in the air.

4.3. Characterisations

Fourier transform infrared (FT-IR) spectra on a JASCO FTIR 4600 LE spectrometer
(Easton, MD, USA) were collected. A small amount of sample powder had been thoroughly
pulverised in an agate mortar in nujol and placed between NaCl plates, which underwent
FT-IR analysis. The Mettler Toledo TGA2 and STARe software were used to conduct
thermogravimetric experiments. A 50 sccm pure nitrogen flow, atmospheric pressure,
and a 5 °C/min heating rate were used in the dynamic thermal investigations. The
weights of the samples were around 10 mg. With a Smartlab (Rigaku, Tokyo, Japan)
diffractometer, XRD patterns were captured using a rotating Cu Ky anode operating
at 45 kV and 200 mA. During the acquisition, a 0.02° increment step was used. The
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ZEISS SUPRA 55VP field-emission scanning electron microscope was used to carry out the
morphological characterisation. Samples were attached to Al stubs using graphite double-
sided adhesives before being sputtered with Au in order to characterise the morphology of
the synthesised Y-MOF using the FE-SEM apparatus. Using energy dispersive X-ray (EDX)
analysis by means of an INCA-Oxford windowless detector with a resolution of 127 eV,
which was calculated as the full width half maximum (FWHM) of the Mn K, the atomic
composition of the films was determined. A JASCO FP-8300 spectrofluorimeter was used
to capture photoluminescence spectra at room temperature with an excitation wavelength
of 265 nm. In 2 mL of water, 2 mg of Y-BTC: Eu (10%) was dispersed for each experiment.
The sensing test was carried out by adding different amounts of C¢HsNO, (10~° M in H,0)
to the Y-BTC: Eu (10%) dispersion (1 mg in 2 mL of H,O). Before starting additions, the
Y-BTC: Eu dispersion was sonicated for half an hour to have a stable suspension. After
each addition, the resulting mixtures were sonicated for 5 min to favour interaction and
prepare them for luminescence measurements. The sequential C4H5NO; detection tests
used the same Y-BTC: Eu MOF powder.

5. Conclusions

In summary, this research study offers a simple, quick, and environmentally friendly
method for creating several luminescent Eu-doped Y-BTC and undoped Y-BTC MOFs.
Notably, the syntheses have applied ultrasonic technology under standard pressure and
room temperature while just changing the reaction time. The extensive characterisations
conducted in this work consistently demonstrate a repeatable process where the structural
properties of the Y-BTCs and the synthetic process parameters are closely related. From a
structural point of view, each sample synthesised using different reaction times displays
a dominant phase linked to the crystalline Y(BTC)(H,O)s MOF. However, as the reaction
time increases, a secondary phase that shows the Y3* /BTC3~ units and a little quantity
of water in the crystalline phase appears. Numerous morphologies, including porous
flower-like formations, needle-shaped crystals, and tube-like structures, were seen in those
synthesised with shorter reaction times (i.e., 15 and 30 min). However, as the reaction time
increased, some of these structures began to sinter, giving rise to filamentous or tubular
structures with higher aspect ratios. Eventually, the structures completely broke down after
very lengthy reaction periods, like 90 min. Additionally, the 15 and 90 min samples have
been shown to be highly stable, after losing the coordinated water molecules, up to 400
°C. The Eu-doped Y-BTC samples have comparable luminescent properties. This study
represents a facile, general route to synthesise a variety of RE-doped MOFs, envisaging the
possibility of tuning the specific properties in function of the desired sensing applications.
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Abstract: Immobilized angiotensin-converting enzyme (ACE) is a promising material for the rapid
screening of antihypertensive drugs, but the nonspecific adsorption is a serious problem in sep-
aration processes involving complex biological products. In this study, triblock copolymers with
dopamine (DA) block as anchors and PEG block as the main body (DA-PEGx-DA) were attached
to an immobilized ACE (ACE@mZIF-8/PDA, AmZP) surface via the “grafting to” strategy which
endowed them with anti-nonspecific adsorption. The influence of DA-PEGx-DA chain length on
nonspecific adsorption was confirmed. The excellent specificity and reusability of the obtained
ACE@mZIF-8/PDA /DA-PEGspp9-DA (AmZPPs5(g9) was validated by screening two known ACE
inhibitory peptides Val-Pro-Pro (VPP, competitive inhibitory peptides of ACE) and Gly-Met-Lys-
Cys-Ala-Phe (GF-6, noncompetitive inhibitory peptides of ACE) from a mixture containing active
and inactive compounds. These results demonstrate that anchored polymer loops are effective for
high-recognition selectivity and AmZPPsq is a promising compound for the efficient separation of
ACE inhibitors in biological samples.

Keywords: polymer loops; angiotensin converting enzyme; immobilization of enzyme; mesoporous
ZIF-8; recognition selectivity

1. Introduction

Recognized as a potential target for hypertension treatment, the angiotensin-converting
enzyme (ACE) is the key enzyme for blood pressure regulation and is mainly localized on
the membranes of lungs, heart, kidney, and intestinal cells [1-3]. The functional balance of
ACE is crucial to blood pressure regulation. High ACE activity promotes angiotensin II
production and bradykinin hydrolysis, leading to vasoconstriction and increased blood
pressure [4,5]. Several chemical synthetic ACE inhibitors, such as captopril, enalaprilat,
temocapril and lisinopril, have been used in hypertension treatment, but most of them
produce side effects [6-8]. Thus, novel ACE inhibitors for developing anti-hypertension
drugs are needed.

In recent years, numerous naturally-derived ACE inhibitory peptides have been re-
ported to possess a strong inhibitory effect on ACE and have no negative side effects [9-11].
However, the screening of ACE inhibitory peptides from complex mixtures of natural
products through traditional separation technologies is tedious and time-consuming. Thus,
rapid screening methods for discovering ACE inhibitory peptides for novel hypertension
therapeutics are in high demand.
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Immobilized enzymes have been developed as affinity separation media for selec-
tively enriching bioactive compounds from complex mixtures [12-15]. In recent decades, a
number of materials, including magnetic beads [16-18], microspheres [19-21], capillary elec-
trophoresis [22], and MOFs [23], have been used to immobilize ACE on surfaces and screen
ACE inhibitory peptides from protein hydrolysate. However, these immobilized enzymes
have a drawback: the natural conformation of an enzyme cannot be maintained during
the separation process [24-26]. Recent studies on enzyme immobilization have demon-
strated that enzymes can be encapsulated in situ in MOFs and retain the stability of their
conformations [27-29]. However, MOFs-encapsulated enzymes have strong nonspecific
adsorption for MOFs and thus show false selectivity [30,31]. Thus, anti-nonspecific protein
adsorption is one of the main challenges in designing novel affinity separation media.

A common and promising method for solving this problem is surface modification
with inert hydrophilic polymers [32-34]. Polymer constituents and morphology are im-
portant in this method. Polyethylene glycol (PEG) is one of the popular and most suitable
polymer materials surface modification and considered the “gold standard” antifouling
and biocompatible polymer by the FDA [35-37]. The highly-hydrated PEG chains on the
surfaces of solids can effectively reduce nonspecific protein absorption. Most polymer
chains are tethered through one end group to a surface. Loop-type polymers can be ob-
tained by anchoring the chain ends of linear polymers to surfaces. Compared with linear
polymers, loop-type polymers can better resist nonspecific protein adsorption [38-40]. In
addition, introducing dopamine (DA) to the ends of polymers facilitates polymer surface
grafting due to universal attachment and the ease of use of catechol groups [41].

In this work, ACE was encapsulated in situ in mesoporous ZIF-8 for the preparation
of AmZP. A novel immobilized ACE AmZPPy (x = molecular weight of PEG) was obtained
by anchoring an ABA triblock copolymer DA-PEG,-DA with block A as a catechol anchor
attracted to surfaces and block B in which PEG is a functional block on AmZP surfaces. The
developed materials were systematically characterized. Two main inhibitory types of ACE
inhibitory peptides are known: competitive and noncompetitive inhibition. The casein-
derived peptide Val-Pro-Pro (VPP) is one of the ACE inhibitory peptides with competitive
inhibition [42,43] and has been added to milk as a food additive. In our previous research,
Gly-Met-Lys-Cys-Ala-Phe (GF-6) was isolated from Saurida elongata and acted as a non-
competitive inhibitor to ACE [44,45]. Thus, VPP and GF-6 were applied to investigate
the adsorption performance, selectivity, separation ability, and reusability of AmZPP;.
This work is the first to apply loop-polymer-modified immobilized enzymes to bioactive
compounds screening.

2. Results and Discussion
2.1. Synthesis of AmZPPy

Highly selective materials for ACE inhibitory peptide screening were prepared using
a polymer DA-assisted surface-modified ACE-MOF composite. The synthesis process is
shown in Figure 1. First, ACE was encapsulated in situ in mZIF-8, approximately 90%
of the enzyme was incorporated and the loading of protein was 0.11 mg/mg compos-
ites. Second, ACE@mZIF-8 was added to a DA solution water to form a PDA coating
layer. This special structure of the AmZP afforded the materials low enzyme leakage [46].
Then, AmZP was added to a polymer solution for surface modification and reduction of
nonspecific adsorption.

In this work, Bovine Serum Albumin (BSA) was used as a nonspecific protein model
because it can easily attack many materials through nonspecific interactions [47]. Figure 2a
shows the effect of the length of the PEG midblock on anti-nonspecific adsorption. The
adsorption capacity of AmZPPx on BSA was significantly lower than of AmZP because
of the repulsive force caused by the steric hindrance of loop-polymer-coated surfaces [40].
In addition, the BSA adsorption decreased with the increasing molecular weight of PEG
because of the weak antiprotein effect when the polymer chain length was short. However,
when the molecular weight of the PEG midblock increased to 5000, the effect on the
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adsorption of BSA was quite small. This result was consistent with that of a previous
report [41]. Therefore, AmZPP5yyy was employed in subsequent studies. The effects of the
dosages of DA-PEGs5p00-DA and modification time on anti-nonspecific adsorption were
surveyed (Figure 2b,c). BSA adsorption capacity decreased with increasing DA-PEGsyp9-DA
concentration and modification time possibly because of the increase in DA-PEGs5g0p-DA
loading, and the strength of the steric hindrance effect increased. However, when the DA-
PEGs5000-DA loading reached a certain value, anti-nonspecific performance did not change.
Thus, the optimal synthesis conditions of AmZPPy were as follows: molecular weight of
PEG midblock, 5000; DA-PEGsgggo-DA concentration, 0.2 mM; and contact time, 30 min.

2-MelM <32
Zn(NO;), ACE

Mo

Dopamine DA-PEGx-DA

— 88 = = 538

ACE@mZIF-8 AmZP AmZPPx

Figure 1. The synthesis procedure of AmZPPy.
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Figure 2. The BSA adsorption performance of AmZPPy with the different polymer length (a),
concentration of DA-PEGs5gg9-DA (b) and contact time (c).

2.2. Characterization

The morphology of the synthesized materials was characterized by transmission elec-
tron microscopy (TEM) and scanning electron microscopy (SEM). As shown in Figure 3,
AmZP and AmZPP5( had rough surfaces with diameters ranging from 100 nm to 200 nm,
indicating that the polymer modification process did not significantly change the particle
size. The TEM images indicated a distinct core—shell structure. Energy-dispersive spec-
troscopy (EDS) characterization of AmZP and AmZPPs5 revealed the presence of ZIF-8
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(Zn and N elements) and protein (S element), as shown in Figure 3e,f. The proportion of C
element in AmZPPs5q increased relative to that in AmZP, whereas the proportion of other
elements decreased, illustrating successful modification by DA-PEGsggp-DA.

(a)
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750 1200
c Element Wt% (f) Element Wt%
600 - (e) C 65. 87 1000 C 67.82
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800
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3004 | zn Zn 14. 38 n Zn 14.14
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Figure 3. TEM, SEM and EDS images of AmZP (a, ¢ and e, respectively) and AmZPP5qy
(b, d and f, respectively).

The Fourier-transform infrared (FT-IR) spectra of AmZP and AmZPPs5(, are shown in
Figure 3. The wave numbers between 1600-1700 cm~! and 1500-1580 cm ™! were attributed
to amide I and amid II bands, respectively, and indicated the existence of enzymes [48]. The
peak at ~1200 cm ™! represented the -OH vibration of phenol compounds, and indicated
the presentation of PDA [46]. Moreover, a new absorption peak was detected at 841 cm ™!
due to the bending vibration of -C—O-C-. This result indicated the successful combination
of DA-PEG5QOQ-PEG.

The X-ray diffraction (XRD) patterns for AmZP and AmZPPsg are shown in Figure 4.
Both materials presented the same characteristic peaks as ZIF-8 [48], but the peaks were
diffused, indicating that the amorphous structures in the materials with short-range order
and long-range disorder stacking. Mesopores in amorphous MOFs can make encapsulated
enzymes have a higher activity than crystalline MOFs [49].
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Figure 4. FT-IR (a) and XRD (b) spectra of AmZP and AmZPP5.

The specific surface areas and pore structures of AmZP and AmZPPs5qy were char-
acterized by N, adsorption—desorption experiments. The Brunauer-Emmett-Teller (BET)
curves displayed in Figure 5a exhibited a type IV adsorption isotherm with an H3 loop and
indicated that both materials were mesoporous [50]. In addition, AmZP and AmZPP5
did not reach adsorption equilibrium when the relative pressure was close to the saturation
pressure, indicating that the measured materials consisted of mesoporous slits. Based on
the Barrett-Joyner-Halenda model (Figure 5b), the distribution diagram pore sizes of the
two samples revealed an increase in 4-8 nm pores after DA-PEGs5p00—PEG modification
on AmZP, whereas the pore sizes were still mostly distributed in the 2-4 nm range. The
specific surface area of AmZPPsq increased slightly from 51.16 m? /g to 60.37 m? /g com-
pared with that of AmZP. These results suggested that DA-PEGs5000—PEG attached to AmZP
surface via the “grafting to” strategy had no effect on the main structure of the material.
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Figure 5. BET curves (a) and diagram pore sizes distribution (b) of AmZP and AmZPPs5 .

2.3. Specific Adsorption of AmZPPspg

The specific adsorption analysis (Figure 6a) revealed that the adsorption capabilities
of VPP and GF-6 first increased with peptide concentration and then remained unchanged
after the maximum adsorption capability was reached. The mass transfer rate can be
improved by increasing the concentration. Adsorption capacity is affected by the amount of
encapsulated enzyme, cannot be increased indefinitely, and will not change after adsorption
saturation is reached. Moreover, the adsorption capacity of GF-6 is higher than that of VPP
because GF-6 is a noncompetitive inhibitor with multiple binding sites on ACE [45] and
VPP is a competitive inhibitor that mainly binds to active sites of enzymes [43].
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Figure 6. Effects of peptides concentration (a), time (b), pH (c) and temperature (d) on the adsorption
of AmZPP5pg9 on VPP and GF-6.

At initial VPP and GF-6 concentrations of 2 mg/mL, the relationship between the
adsorption capacity of AmZPP5( and time was measured (Figure 6b). At 0-30 min, the ad-
sorption capacity gradually increased with time because the peptides did not immediately
reach the adsorption sites. At 30-60 min, the adsorption capacity remained unchanged,
indicating that the binding sites of AmZPPs5(gg reached saturation.

Figure 6¢c,d show the effects of pH and temperature on the adsorption of AmZPPs5¢go
on VPP and GF-6. The adsorption amount varied with pH and temperature because the
adsorption of the two peptides was based on the specific interaction with ACE. The mass
transfer rate and structure of the peptides change under experimental pH and temperature
conditions, and thus change the adsorption behavior.

2.4. Adsorption Kinetics of AmZPPsg for VPP and GF-6

The pseudo-first order (PFO) and pseudo-second order (PSO) and intraparticle dif-
fusion (IPD) models [51,52] were employed to fit the adsorption kinetic data obtained
under the following conditions: temperature, 25 °C; pH, 8.3 (for GF-6) or 8.8 (for VPP);
AmZPPs5000, 10 mg; peptides concentration, 2 mg/mL.

The fitting equation of the PFO model is expressed as follows:

Qi =Q.(1-eh) M

The fitting equation of the PSO model is expressed as follows:

ko Q.2t
Qt _ ZQe

1 + kZQet (2)

The fitting equation of the IPD model is expressed as follows:
Qi = kigt? +C 3)

where Q; (mg/g) and Q. (mg/g) are the adsorption capacities of peptides at a given time
(t) and at equilibrium, respectively; k1 and k;, are the rate constants of the PFO and PSO
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kinetic models for adsorption, respectively; k;; is the intraparticle diffusion constants; and
C is the effect of external boundary diffusion layer on adsorption process.

The fitting results are shown in Figure 7, and the adsorption parameters are displayed
in Table 1. As expected, adsorption increased with contact time, and VPP and GF-6
achieved adsorption equilibrium after 30 min. The Q, ., value obtained from the PFO
model was closer to the experimental Qe xp than the Q, ., from the PSO model, and the R?
in PFO was better than that in PSO. The adsorption rate constant of AmZPPs5qgy for VPP
(k1 = 0.0774) was lower than that for GF-6 (k; = 0.2319), indicating a slower rate by the
former than the latter. Above results suggested that the PFO model is more suitable for
describing the adsorption processes of VPP and GF-6 on AmZPPs5(g, which is related to
physical adsorption.

The adsorption-rate-determining steps were investigated using the IPD model
(Figure 7c,d and Table 2). The IPD fitting results indicated that the data points had three lin-
ear parts, suggesting the adsorption of VPP or GF-6 for AmZPPs5) was associated with
three continuous processes. The first step is related to surface diffusion; the second step
is the diffusion process within a particle; and the third step is the dynamic equilibrium
process of adsorption and desorption. Moreover, the plotted lines did not penetrate the
origin (C # 0) and kyq in the second step was lower than that in the first step, indicating
intraparticle diffusion was the main process but not the only control process.
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Figure 7. Adsorption kinetics of AmZPPs5q for VPP (a,c) and GF-6 (b,d) fitting by PFO, PSO and
IPD models.

Table 1. Kinetic parameters for VPP and GF-6 adsorption on AmZPPs5.

PFO Model PSO Model
Qe exp Qe cal 2 Qe cal 2
, / k R ¢ k R
(mg/g) (mg/g) ! (mg/g) §
VPP 40.88 42.68 0.0774 0.9757 51.61 0.00163 0.9472
GF-6 230.37 229.98 0.2319 0.9992 245.29 0.00182 0.9926
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Table 2. IPD kinetic parameters for VPP and GF-6 adsorption on AmZPPsg.

First Step Second Step
. . Third Ste
Kid 1 C RZ Kld . 1 C RZ p
(mg/(g-min~'~) (mg/(g-min™'*)
VPP 12.26 —17.84 0.9924 3.134 2291 0.8777 Balance stage
GF-6 38.49 76.70 0.9326 6.511 196.45 0.7069 &

2.5. Adsorption Isotherm of AmZPPsgy for VPP and GF-6

Experimental adsorption isotherm data were obtained under the following conditions:
temperature, 25 °C; pH, 8.3 (for GF-6) or 8.8 (for VPP); AmZPP5000, 10 mg; contact time, 30
min. The Langmuir, Freundlich and D-R (Dubinin-Radushkevich) isotherm models [53]
were used to describe the adsorption processes of VPP and GF-6.

The Langmuir model is represented by the following equation:

_ kaLCe

Qe = 1+k.C, (4)
The Freundlich model is represented by the following equation:
1
Qe = kpC/ ©)
The D-R adsorption model is represented by the following equation:
InQ, = InQu — Bprepy 6)
1
EDR = RTIn (1+ > (7)
Ce
Fe o ®

\/ZBDR

where Q. (mg/g) and Q;; (mg/g) are the equilibrium and theoretical maximum adsorption
capacities of peptides, respectively; k;, represents the Langmuir constants; kr and # represent
the Freundlich constants; C, is equilibrium peptide concentration; Bpp is the activity
coefficient related to adsorption energy (mol?/J?); epg is Polanyi potential energy; R is
gas constant (8.314 J/mol/K) and T is absolute temperature (K); E is mean Gibbs free
adsorption energy.

The results are shown in Figure 8 and Table 3. The adsorption of VPP and GF-6
on AmZPPsyy) was more consistent with the Langmuir model than with the Freundlich
model, suggesting the adsorption was a monolayer process. Moreover, the maximum
adsorption capacity Quqy of Langmuir fitting for VPP and GF-6 were 53.44 and 308.78 mg/g,
respectively, indicating that AmZPPs5q is a promising material for enrichment of ACE
inhibitory peptides with excellent adsorption capacity.

The D-R model has no assumption of single-layer, homogeneous adsorption and
could be used to distinguish physical adsorption from chemical adsorption. As seen from
Figure 8c,d and Table 3, the D-R model fits the experiment data quite well. The E values of
VPP and GF-6 were 0.552 and 0.561 kJ/mol, respectively. Usually, when E < 8.0 kJ/mol,
physical adsorption can be considered as the main adsorption process, while chemical
adsorption is the main adsorption process when E > 8.0 kJ/mol.
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Figure 8. Adsorption isotherm of AmZPP5yy for VPP (a,c) and GF-6 (b,d) fitting by Langmuir,
Freundlich and D-R models.

Table 3. Adsorption isotherm parameters of AmZPP5qgg for VPP and GF-6.

Langmuir Model Freundlich Model D-R Model
ke Qm 2 2 Qm E 2
(mL/mg) (mg/g) R ke " R (mg/g) (KJ/mol) R
VPP 1.4211 53.44 0.9501 30.53 2.816 0.9107 54.86 0.552 0.9556
GF-6 2.0131 308.78 0.9589 198.02 2.544 0.8860 357.70 0.561 0.9441

Above results indicated the adsorption process of VPP and GF-6 with AmZPP5
was physical monolayer adsorption with a limited number of isolated adsorption sites,
which was consistent with previous reports that VPP and GF-6 bonded to ACE primarily
via hydrogen bonding and hydrophobic interactions [43,45].

2.6. Desorption and Reusability of AmZPPsgg

Desorption and reusability are important indexes for materials’ practical applications.
The adsorption of ACE inhibitory peptides and ACE belongs to affinity adsorption, which
usually requires a high concentration of NaCl for desorption [23]. As shown in Figure 9a,b,
the desorption effect of 2 mol/L NaCl on VPP and GF-6 was significantly higher than 1.5,
1.0 and 0.5 mol/L and reached almost 80% at 1 h desorption time. This result suggested
that 2 mol/L NaCl can be used as the desorption agent for the desorption of ACE inhibitory
peptides from AmZPPs5.
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Figure 9. Desorption (a,b) and reusability (c) of AmZPPs5qqp.

It has been reported that amino acids and protein could destroy the structure of ZIF-8
because of the complexation of amino acids with zinc ions [54]. NaCl could also affect the
structure of ZIF-8 [55]. As shown in Table 4, peptides NaCl and BSA could cause slight
enzyme release from ACE@mZIF-8. The PDA layer could protect mZIF-8 against agents,
making AmZP and AmZPP5000 more stable.

Table 4. Release of ACE from ACE@mZIF, AmZP and AmZPPsg after treatment with different
agents for 1 hat 25 °C.

Protein release (%)

Agents ACE@mZIF-8 AmZP AmZPPs0
2 mg/mL VPP 7.32 1.37 1.24
2 mg/mL GF-6 6.21 1.08 1.13
Enzyme activity release (%)
2 mol/L NaCl 3.84 0.21 0.20
0.5 mg/mL BSA 1.52 0.00 0.00

The reusability of AmZPPs5y) was determined by repeating adsorption—desorption
process. As shown in Figure 9c, AmZPP5gyy had excellent recycling performance after
the fifth cycle, where the adsorption capacities of VPP and GF-6 were 22.39 mg/g and
170.58 mg/g, respectively. This decrease might have been caused by the incomplete
desorption and the mass loss of the AmZPPs after washing and during the repeated
adsorption—desorption processes.

2.7. Recognition Selectivity of AmZPPsyp

A mixture containing VPP, GF-6, and BSA as the adsorption sample was used in
investigating the recognition selectivity of AmZP, AmZPPs5q0y and mZPPs5ggy (without
enzyme). The results are illustrated in Figure 10. Obviously, AmZPP5yy9 and AmZP
exhibited a higher adsorption capacity for VPP and GF-6 than mZPPsq for the specific
interaction between peptides and ACE. All the materials displayed higher adsorption
capacities for peptides than BSA. The reason was that BSA mainly bound to the materials’
surfaces because of its diameter (~7 nm) [56], which was larger than the pore size of the
materials (2-4 nm). BSA was unable to access the pores. By contrast, the small molecular
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peptides were transported to the mesopores and thus showed higher adsorption capacities.
In the absence of anti-protein adsorption chain segments, the BSA adsorption capacities
of AmZPP5y99 and mZPP5q09 was lower than that of AmZP. The results showed that
the introduction of DA-PEGs5000-DA polymer loops can indeed improve the recognition
selectivity of immobilized ACE.

250 L avep
I I I IGF-6
[ IBSA
200 -
CREE
o0
g
o 100+
50 T
JERT TP T
AmZP AmZPP, mZPP,

Figure 10. Adsorption data of AmZPP5qy in mixed system.

2.8. Application of AmZPPs5gg in Hydrolysate

Based on the above results, AmZPPs(g displayed excellent adsorption performance
and reusability and provided a possibility for further application. The recognition selec-
tivity of AmZP was compared with that of AmZPP5( by using a hydrolysate (obtained
from Leiognathus brevirostris) containing ACE inhibitory peptides. The concentrations of
proteins in the desorption solutions were determined using UV spectrophotometry. As
shown in Figure 11 and Table 5, both materials had screening functions, and the desorbate
of AmZPPs5q displayed simpler components than that of AmZP and achieved lower ICs
value, which indicated a higher ACE inhibitory activity. These results demonstrated that
the recognition selectivity of AmZP was successfully enhanced by anchoring polymer loops
on the surface, and the AmZPPs5(0 could be used to enriched ACE inhibitory peptides.

———— Hydrolysates
Desorbate of AmZP
Desorbate of AmZPP,

5000

80

>
E 40

Time (min)

Figure 11. HPLC chromatogram on a Zorbax SB C18 column of samples. Experiments were carried
out with a linear gradient of 5-50% acetonitrile in water (containing 0.1% TFA) over 15 min at a flow
rate of 1 mL/min.
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Table 5. Selective screening of ACE inhibitory peptides from hydrolysates by AmZP and AmZPPsq.

Sample ICs5p (mg/mL)
Hydrolysates 0.623
Desorbate of AmZP 0.095
Desorbate of AmZPP5gq9 0.034

3. Materials and Methods
3.1. Materials

Crude ACE was isolated according to the reported literature [44]. Hippuryl-histidyl-
leucine (HHL; >99%) and ACE (from rabbit lung) were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). 2-MeIM (>99%), DA (>99%) and HPLC-grade trifluoroacetic
acid were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). DA-PEGx-DA (x = 2000, 5000 and 10,000) were purchased from Guangzhou Tansh-
tech Co., Ltd. (Guangzhou, China). VPP and GF-6 were obtained from GL Biochem
(Shanghai) Ltd. (Shanghai, China). HPLC-grade methanol and acetonitrile were purchased
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). All the other reagents
were of analytical grade and purchased from XiLong Science (Guangdong, China).

3.2. Preparation of AmZP

For the synthesis of AmZP, a 100 mL beaker containing Zn (NO3),-6 H,O (0.0297 g),
2-MeIM (0.0657 g), 5 mL of crude ACE solution (protein concentration of 4 mg/mL and
specific activity of 0.013 U/mg protein), and 30 mL of 0.1 M borate buffer solution (BBS,
pH 7.3) was incubated at 30 °C for 30 min. The prepared ACE@mZIF-8 was collected by
centrifugation at 8000 rpm for 10 min and washed with distilled water three times. Then,
ACE@mZIF-8 was dispersed in 10 mL of 50 mM Tris-HCI (pH = 8.5), and 10 mg of DA was
added. The mixture was gently agitated for 4 h at room temperature. The obtained AmZP
was washed several times with deionized water and then vacuum freeze-dried.

3.3. Surface Modification with DA-PEGy-DA

The prepared AmZP (100 mg) was dispersed in 20 mL of distilled water, and 20 mg
of DA-PEG-DA (x = 2000, 5000, 10,000) was added. The mixture was mildly stirred for 1
h at room temperature. Then, the product AmZPP, was collected by centrifugation and
washed with distilled water three times.

3.4. Characterization

SEM images were recorded using TESCAN MIRA LMS (Brno, Czech Republic) at a
voltage of 3 kV. TEM images and EDS analysis results were obtained using JEOL JEM-F200
(Tokyo, Japan) at an operating voltage of 200 kV. FI-IR spectra were tested at a wavenumber
range of 400-4000 cm ! with a Nicolet IS10 (Waltham, MA, USA). XRD analysis was carried
out using Mini Flex600 (Cu-K« radiation), and the diffraction patterns were obtained from
5° to 70° with a scanning rate of 10°/min at 45 kV and 15 mA. Specific surface areas were
measured at 77.35 K with the BET method in a relative pressure range (P/P) of 0.05-1. The
amount of protein encapsulated in the material was determined by the Bradford method.

3.5. ACE Activity and Inhibitory Activity Assay

The digestion of HHL into hippuric acid (HA) and His-Leu (HL) using free or immobi-
lized ACE was performed, and the activity of the enzyme was evaluated. Free ACE solution
(protein concentration of 1 mg/mL) or immobilized ACE suspension (mass concentration
of 5 mg/mL) were prepared in 0.1M BBS (containing 0.3 M NaCl, pH 8.3). Approximately
60 pL of the sample and 100 pL of 0.1M BBS (containing 0.3 M NaCl, pH 8.3) were incubated
at 37 °C for 10 min. Then, 40 uL. of 5 mM HHL (in BBS) was added and reacted for 15 min.
The reaction was stopped by adding 100 uL of 1 M HCI. The activities of the free and
immobilized ACE were measured by monitoring the released HA with the HPLC method.
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ACE inhibitory activity was evaluated according to the above description with some
modification. ACE solution (0.001 U/mL) was prepared using commercial ACE and the
sample was used instead of the BBS buffer. The ACE inhibitory activity was calculated by
the following equation [23]:

ACE inhibition rate = % x 100% )
0
where Ag and A; are the peak areas of HA in the control group (without inhibitory pep-
tides) and the sample (containing inhibitory peptides), respectively. ICs is defined as the
concentration of an inhibitor when half of the enzyme activity is suppressed.

3.6. Concentration of VPP and GF-6 Analysis

An RP-HPLC column (Zorbax SB-C18, 4.6 mm x 150 mm, Agilent, Palo Alto, CA,
USA) was applied to measure the concentration of VPP and GF-6 with the solvent system
consisting of 0.1% trifluoroacetic (in water, solvent A) and acetonitrile (containing 0.1%
trifluoroacetic, solvent B). For VPP, a gradient of 5-15% solvent B over 15 min at a flow rate
of 1 mL/min was used, while a gradient of 15-35% solvent B over 15 min at the same flow
rate for GF-6. During the analysis process, the detector wavelength was set as 220 nm.

3.7. Specific/Nonspecific Adsorption Tests

BSA was used as a protein model for nonspecific adsorption. In this work, two known
ACE inhibitory peptides, VPP (competitive inhibitory peptides of ACE) and GF-6 (noncom-
petitive inhibitory peptides of ACE), were selected for specific adsorption experiments.

The solutions of protein or peptides with different concentrations in 0.1 M BBS were
prepared. For adsorption, the adsorbent and peptide solutions were mixed and shaken
for a specified time. Then, the mixtures were centrifuged, and the concentrations of the
peptides were detected via HPLC.

The adsorption amount of the materials was calculated as follows:

Q= W (10)
Q. = W (11)

where Q; and Q. are the adsorption amounts of peptides (mg/g) at time t and at equilib-
rium, respectively; Cy, C, and Ce are the initial concentration, concentration at time ¢, and
equilibrium concentration of a peptide solution (mg/mL), respectively; V is the volume of
peptide solutions (mL); and m is the weight (g) of the immobilized enzyme.

3.8. Studies of Stability

The activity of ACE@mZIF-8, AmZP and AmZPP5yyy was monitored after incubation
with 0.5 mg/mL BSA or 2 M NaCl at room temperature for 30 min. Because of the inhibitory
effect of peptides on ACE, the stability of the material cannot be determined by measuring
the activity after incubation with 2mg/mL VPP and GF-6. Therefore, the stability of the
material was determined by measuring the protein concentration of the supernatant via
the Bradford method.

3.9. Application of AmZPPsgyy in Hydrolysate Samples

The hydrolysates were prepared as follows: The fish meal of Leiognathus brevirostris
(100 g) in 300 mL of 0.05 M PBS (pH 9.5) was heated in a boiling water bath for 10 min, and
cooled to 45 °C. Alcalase was added in an enzyme/protein molar ratio of 4000 U/g for
3 hat45 °C. Then, 1 mol/L NaOH was used to maintain the pH at 9.5 during hydrolysis.
Enzymatic hydrolysis was terminated through inactivation in a boiling water bath for
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10 min. The hydrolysate was collected by centrifugation (8000 rpm, 15 min) and then stored
at —20 °C.

Approximately 10 mg of AmZPPs5yy was added to the hydrolysate with a shaking rate
of 120 rpm for 30 min. After adsorption, the desorption experiment was performed in 2 M
NaCl solution for 30 min at room temperature. The inhibitory activity of the supernatant
was determined.

3.10. Statistical Analysis

All the experiments were carried out in triplicate, and the results are presented as
average + standard deviations. Statistically significant differences of the collected data
were analyzed with one-way ANOVA. Statistical significance was established at p < 0.05.

4. Conclusions

In this work, the surface of immobilized ACE AmZP was successfully modified by
(DA-PEGy-DA) via a convenient “grafting to” strategy for the fabrication of a novel material
(AmZPPy) with high recognition selectivity for ACE inhibitory peptides. AmZPPsq09 with
molecular weight of PEG midblock of 5000 showed the best anti-nonspecific adsorption
performance. The specific adsorption capacities of AmZPPs5ygy for VPP (competitive in-
hibitor for ACE) and GF-6 (noncompetitive inhibitor for ACE) were considerably higher
than nonspecific adsorption capacity. Adsorption kinetic and adsorption isotherm studies
showed that the adsorption of VPP and GF-6 belongs to physical monolayer adsorption
and the diffusion was mainly controlled by intraparticle diffusion. Regarding the contribu-
tion of DA-PEGx-DA polymer loops, AmZPPs5qqy presented excellent ability to specifically
recognize ACE inhibitory peptides in actual hydrolysates.

Immobilized enzymes are becoming rapid and efficient platforms for screening bioac-
tive components from complex products. We anticipate that capitalizing on the rational
design of polymer loops modified on immobilized enzyme surfaces will benefit applications
involving separation processes.
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Abstract: Eight coordination polymers constructed from divalent metal salts, N,N’ -bis(pyridin-3-
ylmethyl)terephthalamide (L), and various dicarboxylic acids are reported, affording [Co(L)(5-ter-
IPA)(H20);2]n (5-tert-HpIPA = 5-tert-butylisophthalic acid), 1, {[Co(L)(5-NO,-IPA)]-2H,0}, (5-NO»-
H,IPA = 5-nitroisophthalic acid), 2, {{Co(L)o 5(5-NHy-IPA)]-MeOH},, (5-NH,-H,IPA = 5-aminoisophthalic
acid), 3, {[Co(L)(MBA)]-2H, 0}, (H,MBA = diphenylmethane-4,4'~dicarboxylic acid), 4, {{Co(L)(SDA)]-
H,O}n (H2SDA = 4,4-sulfonyldibenzoic acid), 5, {[Coy(L)2(1,4-NDC),(H,0),]-5H,0}, (1,4-HoNDC =

naphthalene-1,4-dicarboxylic acid), 6, {[Cd(L)(1,4-NDC)(H,0)]-2H,0}», 7, and {[Zn;(L)(1,4-NDC);]-

2H,0},, 8, which were structurally characterized by using single-crystal X-ray diffraction. The
structural types of 1-8 are subject to the metal and ligand identities, showing a 2D layer with the hcb,
a 3D framework with the pcu, a 2D layer with the sql, a polycatenation of 2-fold interpenetrated 2D
layer with the sql, a 2-fold interpenetrated 2D layer with the 2,611, a 3D framework with the cds, a
2D layer with the 2,411, and a 2D layer with the (102-12)(10)5(4-10-12%)(4) topologies, respectively.
The investigation on the photodegradation of methylene blue (MB) by using complexes 1-3 reveals
that the degradation efficiency may increase with increasing surface areas.

Keywords: coordination polymer; crystal structure analysis; dicarboxylate; coordination mode

1. Introduction

Coordination polymers (CPs) have been intensively investigated by scientists in recent
years because of their intriguing architectures and prospective applications in magnetism,
luminescence, catalysis, gas storage, and sensing [1-4]. The coordination of spacer ligands
to metal ions during the self-assembly process may result in the production of infinite
one-dimensional (1D), two-dimensional (2D), or three-dimensional (3D) CPs, which are
subject to the careful selection of metal ion and spacer ligands with diverse functionalities
and flexibility. Despite the fact that many fascinating CPs have been reported, control of
the structural variety remains a difficulty in the field of crystal engineering, and the factors
that influence the structural diversity are less well understood [5,6].

The mixed ligand assembly technique has been employed to develop novel CPs [7]. In
this context, mixed-ligand techniques including two distinct types of ligands with unique
functions, such as polycarboxylate paired with a bis-pyridyl-bis-amide (bpba)-based N
donor ligand, have been introduced as an effective way for adjusting structural diversity in
CPs. Bpba ligands are remarkable ligands that may be modified to yield intriguing CPs [8],
due to the fact that the majority of bpba ligands are flexible; however, others are semi-rigid.

Herein, we adopted the semi-rigid N,N’-bis(pyridin-3-ylmethyl)terephthalamide (L),
as shown in Figure 1, and differently substituted dicarboxylic acid as part of our ongo-
ing research into understanding the relationship between the mixed-ligand system and
the structural variety of the new CPs. Several CPs containing L and dicarboxylate lig-
ands have been structurally characterized. Three CPs, namely [Co(L)(HIPA)(H,O),]-H,O
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(H,HIPA = 5-Hydroxyisophthalic acid), [Ni(L)(HIPA)(H,0),]-H2O, and [Cu(L)(HIPA)]-4H,0,
show similar 2D cellular networks for the first two complexes, and the latter has a 4-
connected 3D structure with a semicircle 1D channel [9]. On the other hand, [Zn(L)(1,4-
BDC)]-H;O (1,4-H,BDC = terephthalic acid), [Zn(L)(1,3- BDC)]-H,O (1,3-H,BDC = isoph-
thalic acid), [Zn(L)(1,2-BDC)] (1,2-H,BDC = phthalate), and [Cd(L)5(1,2-BDC)(H,0O)]
display 2D structures with 6% and 4* topologies and a 4-connected 3D framework and a 1D
structure, respectively [10], whereas [Cd3(L)2(1,4-bdc)3]-4H,0 and [Cd(L)(1,4-bdc)]-2H,O
are (3,5)-connected nets with the (3-72 )(32-4-7°-8% ) topology [11], indicating that the types
of the dicarboxylate play important role in determining the structural diversity.

o

N

X N =z
F N \N

Figure 1. Structure of L.

The syntheses and crystal structures of [Co(L)(5-ter-IPA)(H,0), ], (5-tert-HyIPA = 5-
tert-butylisophthalic acid), 1, {[Co(L)(5-NO,-IPA)]-2H, O}, (5-NO,-H,IPA = 5-nitroisophthalic
acid), 2, {[Co(L)y5(5-NH;-IPA)]-MeOH}, (5-NH-HpIPA = 5-aminoisophthalic acid),
3, {[Co(L)(MBA)]-2H,0},, (H,MBA = diphenylmethane-4,4'—dicarboxylic acid), 4, {{Co(L)
(SDA)]-HpO}n (HoSDA = 4,4-sulfonyldibenzoic acid), 5, {[Co,(L)2(1,4-NDC),(H,0)2]-5H,0}n
(1,4-H,NDC = naphthalene-1,4-dicarboxylic acid), 6, {{Cd(L)(1,4-NDC)(H,0)]-2H,O},,
7, and {[Zny(L)2(1,4-NDC),]-2H,0}, 8, form the subject of this report. We observed that
the roles of the dicarboxylate ligands and the metal atoms in the structural diversity of the
CPs prepared thusly are significant. The governing factors of 1-3 in the degradation of
methylene blue (MB) were also evaluated.

2. Results and Discussion
2.1. Synthesis

Complexes 1-8 were prepared by the hydro(solvo)thermal reactions of L with corre-
sponding dicarboxylic acids and metal salts in different solvent systems at 100 °C for 48 h.
Hydro(solvo)thermal synthesis enables a unique combination of pressure and temperature
for crystallization of CPs. Characteristic FI-IR peaks for complexes 1-8 are N-H and C=0
stretching which are from L. The range of N-H stretching is 3386-3483 cm ™!, probably cou-
pled with the O-H stretching of the solvent molecule, while those around 1606-1653 cm™
can be attributed to C=0 stretching.

2.2. Crystal Structure of 1

The crystal structure of 1 conforms to the triclinic space group P1 and the asymmetric
unit consists of one Co(II) cation, two halves of an L ligand, one 5-ter-IPA%~ ligand, and
two coordinated water molecules. The Co(II) metal center is coordinated by two pyridyl
nitrogen atoms of two L ligands [Co-N = 2.1346(12) — 2.1816(12) A], two oxygen atoms from
two 5-ter-IPA%~ ligands [Co-O = 2.0587(10) and 2.1362(10) A], and two coordinated water
molecules [Co-O = 2.0794(10) and 2.1411(10) A], forming a distorted octahedral geometry,
as in Figure 2a. Two Co(II) ions are bridged by two 5-ter-IPA?~ ligands to form dinuclear
units, which are connected by L ligands to afford a 2D layer. Considering the Co(II) cations
as 4-coordinated nodes, 5-ter-IPAZ as 2-connected nodes, and L ligands as linkers, the
structure of 1 can be regarded as a 2,2,4-connected net with the point symbol (12)(4-12°)(4)
(standard representation), as in Figure 2b, determined using ToposPro [12]. Moreover, if
the dinuclear units are considered as 3-coordinated nodes, the structure can be further
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simplified as a 3-connected net with the (63)-hcb topology (cluster representation) [13], as
in Figure 2c.

Figure 2. (a) A drawing showing the geometry of the Co(II) ion in 1. Symmetry transformations:
(A)x+1, —y + 1, —z. (b) A drawing showing the (12)(4-12%)(4) topology. (c) A drawing showing
the hcb topology.

2.3. Crystal Structure of 2

The structure of 2 was solved in the triclinic space group P1 with one Co(Il) cation, two
halves of an L ligand, one 5-NO,-IPA2~ ligand and two co-crystallized water molecules
in each asymmetric unit. The Co(Il) metal center is coordinated by four oxygen atoms
from three 5-NO,-IPA%~ ligands [Co-O = 2.007(2) — 2.240(2) Al and two pyridyl nitrogen
atoms from two L ligands [Co-N = 2.149(3) — 2.150(3) Al resulting in a distorted octahedral
geometry, as in Figure 3a. Two Co(Il) ions are bridged by two 5-NO,-IPA?~ ligands
to form dinuclear units, which are connected by L ligands to afford a 3D framework.
Considering the Co(II) cations as 5-coordinated nodes, 5-NO,-IPA2~ as 3-coordinated
nodes, and L ligands as linkers, the structure of 2 can be regarded as a 3,5-connected
binodal 3D net with the point symbol of (4%-6°-8%)(42-6)-3,5T1 (standard representation),
as in Figure 3b. Moreover, if the dinuclear units are considered as 6-coordinated nodes,
the structure can be further simplified as a 6-connected net with the (4'%-6%)-pcu topology
(cluster representation), as in Figure 3c.
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(c)

Figure 3. (a) Coordination environment of the Co(Il) ion in 2. Symmetry transformations: (A) —x + 1,
-y, —z; (B) x + 1, y, z. (b) A drawing showing the 3,5T1 topology. (c¢) A drawing showing the
pcu topology.

2.4. Crystal Structure of 3

Structural analysis demonstrates that 3 crystallizes in the triclinic P1 space group.
The asymmetric unit contains one Co(Il) cation, half of an L ligand, one 5-NH,-IPAZ~,
and one co-crystallized MeOH molecule. The Co(II) metal center is coordinated by four
oxygen atoms from three 5-NH,-IPA 2~ ligands [Co-O = 2.0143(15) — 2.2104(14) A], one
pyridyl nitrogen atom from the L ligand, and one nitrogen from the 5-NH,-IPA%~ ligand
[Co-N = 2.1525(19) —2.2615(18) A], showing a distorted octahedral geometry, as in Figure 4a.
Two Co(Il) ions are bridged by two 5-NH,-IPA2~ ligands to form dinuclear units, which
are connected by L ligands to afford a 2D layer. Considering the Co(Il) cations as 4-
connected nodes and 5-NH,-IPA2~ ligands as 3-connected nodes, with L ligands as linkers,
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the structure of 3 can be simplified as a 3,4-connected 2D net with the {42.63.8}{42 -6}-bey
topology (standard representation), as in Figure 4b. Moreover, if the dinuclear units are
considered as 4-coordinated nodes, the structure can be further simplified as a 4-connected
net with the (4*-6%)-sql topology (cluster representation), as in Figure 4c.

(c)

Figure 4. (a) Coordination environment about the Co(Il) ion in 3. Symmetry transformations:
(A)x—-1,-y,—z+2,B)~x—-1,-y+1, —z+2;,(C) x — 1,y, z. (b) A drawing showing the bey
topology. (¢) A drawing showing the sql topology.

2.5. Crystal Structure of 4

Single crystal X-ray diffraction of 4 conforms to the orthorhombic space group Ibca,
and the asymmetric unit consists of half of a Co(II) ion, half of an L ligand, half of an
MBA?Z" ligand, and one co-crystallized water molecule. Figure 5a shows the coordination
environment around the Co(Il) metal center, which is six coordinated by two nitrogen
atoms from two L ligands [Co-N = 2.083(3)] and four oxygen atom from two MBAZ~
ligands [Co-O = 2.064(2)-2.263(3) A], resulting in a distorted octahedral geometry. The
Co(Il) ions are interlinked by the L and MBA?~ ligands to give highly undulated 2D
nets, as in Figure 5b. Topological analysis reveals that complex 4 forms 2-fold parallelly
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interpenetrated layers with the {4*.62}-sql topology, as in Figure 5c. In addition, layers of
the 2-fold interpenetrated 2D layers polycatenated with other sql layers to form a final 2D
— 3D entanglement, as in Figure 5d.

(b)

(d)

Figure 5. (a) Coordination environment around the Co(Il) cation in 4. Symmetry transformations
used to generate equivalent atoms: (A) -x + 1, —y + 3/2, z. (b) A drawing showing the pleated
2D layer. (c) A drawing showing the 2-fold interpenetrated layers. (d) A drawing showing the
polycatenation of 2-fold interpenetrated 2D nets.

2.6. Crystal Structures of 5

In the space group Pi, the structure of complex 5 was solved. The asymmetric unit
consists of one Co(1l) ion, half of an L ligand, one SDA?~ ligand, and one co-crystallized
water molecule. Figure 6a shows the coordination environment around the dinuclear
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Co(IT) centers with a Co—Co distance of 2.8143(5). Both Co(1) and Co(2) are 5-coordinated
by one pyridyl nitrogen atom of the L ligand [Co-N = 2.0564(17) A] and four oxygen
atoms of four SDA%~ ligands [Co-O = 2.0211(17) A-2.0515(17) A], resulting in a distorted
square pyramidal geometry. Two Co(Il) ions are bridged by four carboxylate groups of
the SDA?~ ligands to form dinuclear paddlewheel units, which are further linked by the L
ligands to form a 2D layer. If the dinuclear units are considered as 6-connected nodes, the
SDAZ~ ligands as 2-connected nodes, and the L ligands as linkers, the structure of 5 can
be simplified as a 2D net with the (42-68-8-10%)(4),-2,6L1 topology, as in Figure 6b, which
shows a 2-fold interpenetration, as in Figure 6c.

(c)

Figure 6. (a) The coordination environment of the Co(Il) ion in 5. Symmetry transformations used to

generate equivalent atoms: (A)x,y,z — 1, (B) x+2, -y +2, —z+ 2, (C) x+2, -y +2,—z+3. (b) A
schematic drawing showing the 2D layer with the 2,6L1 topology. (c) A schematic drawing showing
the 2-fold interpenetrated 2D net.
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2.7. Crystal Structures of 6

Crystals of 6 conform to the monoclinic space group P2; /c with each asymmetric unit
consisting of one and two halves of a Co(1I) cation, two L ligands, two 1,4-NDC%~ ligands,
two coordinated water molecules, and five co-crystallized water molecules. Figure 7a shows
the coordination environment of the Co(II) metal centers, which are all 6-coordinated. The
Co(1) atom is coordinated by two nitrogen atoms from two L ligands [Co-N = 2.134(2)
and 2.138(2) A], three oxygen atoms from two 1,4-NDC2~ ligands [Co-O = 2.0257(18) A
—2.19740515(19) A], and one oxygen atom from the coordinated water molecule [Co-O =
2.0817(19) A]. The Co(2) atom is located at the inversion center, which is coordinated by
two pyridyl nitrogen atoms [Co-N = 2.114 (2) A] from two L ligands and four oxygen
atoms from two 1,4-NDC?~ ligands [Co-O = 2.1128(17)-2.1415(18) A], whereas the Co(3)
atom, which is also located at the inversion center, is coordinated by two nitrogen from
two L ligands [Co-N = 2.145(2) A], two oxygen atoms from two 1,4-NDC?~ ligands [Co-O
=2.0813(17)] and two oxygen atoms from two water molecules [Co-O = 2.1497(18)]. The
Co(1) ions are linked by the 1,4-NDC?~ and L ligands to form a 3D framework. If the
Co(Il) ions are defined as 4-connected nodes and the L and 1,4-NDC2~ ligands as linkers,
the structure of 6 can be simplified as a 4-connected net with the (6°-8)-cds topology, as
in Figure 7b.

Figure 7. (a) The coordination environment of the Co(II) ion in 6. Symmetry transformations used to
generate equivalent atoms: (A)x, —y+3/2,z+1/2; B)x+1,y —1/2, -z —-1/2;,(C) x+2,-y + 2,
-z —1;(D)x+2, -y +2, —z — 2. (b) A drawing showing the cds topology.

55



Molecules 2023, 28, 2226

2.8. Crystal Structures of 7

Single-crystal X-ray diffraction analysis shows that 7 crystallizes in the monoclinic
space group P21 /c. The asymmetric unit is comprised of one Cd(Il) cation, one L ligand,
one 1,4-NDC?~ ligand, one coordinated water, and two lattice water molecules. Figure 8a
depicts a drawing showing the coordination environment of the Cd(Il) ion, which is 7-
coordinated by four oxygen atoms from two 1,4-NDC?~ ligands, one oxygen atom from
the water molecule [Cd-O = 2.343(2) — 2.396(19) A], and two pyridyl nitrogen atoms from
two L ligands [Cd-N = 2.319(2) and 2.410(3) A]. The Cd (II) ions are further linked together
by the L and 1,4-NDC?~ ligands to afford a 2D layer. If the Cd(II) cations are defined as
4-connected nodes and the 1,4-NDC?~ and L ligands are defined as 2-connected nodes, the
structure of 7 can be simplified as a 2D net with the {4-58}{4}-2,4L1 topology, as in Figure 8b.

(b)

Figure 8. (a) The coordination environment of the Co(II) ion in 7. Symmetry transformations used

to generate equivalent atoms: (A) x, -y +3/2,z+1/2;(B) x+1, -y +1, —z + 1. (b) A drawing
showing the 2,4L1 topology.

2.9. Crystal Structures of 8

The crystals of complex 8 conform to the triclinic space group P1 with two Zn(Il) ions,
two L ligands, two 1,4-NDC?" ligands, and two lattice water molecules in the asymmetric
unit. Figure 9a shows the coordination environment of the Zn(II) centers. Both of the Zn(1)
and Zn(2) atoms form tetrahedral geometries, which are 4-coordinated by two nitrogen
atoms [Zn(1)-N(1) = 2.066(3); Zn(1)-N(4C) = 2.062(3) A; Zn(1)-N(5) = 2.056(3) A; Zn(1)-
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N(8A) = 2.066(3) A] from two L ligands and two oxygen atoms [Zn(1)-O(5) = 1.967(3)
A; Zn(1)-0(9) = 1.975(2); Zn(1)-O(7) = 1.969(2) A; Zn(1)-O(12B) = 1.948(2)] from two 1,4-
NDC?~ ligands. Topological analysis demonstrates that complex 8 displays a 2D net with
the point symbol of (102-12)(10),(4-10-12%)(4), as in Figure 9b.

N8
0O(12B) 300(7)

5 R

(a)
P
—c
\a

(b)

Figure 9. (a) The coordination environment of the Co(Il) ion in 8. Symmetry transformations used
to generate equivalent atoms: (A) —x, -y +2, —z+2;(B)x,y,z-1, (C) —x, —=y+1, —z+ 1. (b) A
drawing showing the (102-12)(10),(4-10-12%)(4) topology.

2.10. Ligand Conformations and Coordination Modes

The L ligands in complexes 1-8 display various conformations which can be defined
as follows: (A) the cis and trans conformations can be given if the two C=0 groups are in the
same and the opposite direction, respectively; (B) due to the different orientations adopted
by the pyridyl nitrogen atoms and the amide oxygen atoms, three more conformations,
namely syn—syn, syn—-anti, and anti-anti, can also be found for bpba [8]. Table 1 lists the
ligand conformations and coordination modes of the organic ligands in complexes 1-8. The
L ligands in 1-8 bridge two metal ions through two pyridyl nitrogen atoms, adopting five
different conformations including trans anti—anti, cis syn—syn, trans syn—syn, trans syn—-anti
and cis anti-anti. On the other hand, the dicarboxylate ligands in 1-8 bridge two to four
metal ions with various coordination modes.
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Table 1. Ligand conformations and bonding modes of 1-8.

Conformation Coordination Mode
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Table 1. Cont.

Conformation Coordination Mode

Lr“}iiz'&i\g
trans syn—syn "Q ’_\}_\f\‘

trans syn—syn HZ'KZ 0,0': k20", 0"

trans syn-anti ‘/}‘:z::) .

» )
SN /g ,—v‘\~
}‘\fﬂ

cis anti—anti

2.11. Structural Comparisons

Structural comparisons of complexes 1-8 show that the structural diversity is subject
to the change in the dicarboxylate ligand. The different structural types in 1-3 demonstrate
the substituent effect of the group at the fifth position of the phenyl ring. The use of the
angular dicarboxylic acids, such as HyMBA and H;SDA, give entangled 4 and 5, showing
a polycatenated net of 2-fold interpenetration and a 2-fold interpenetrated net, respectively.
The metal effect on the structural diversity is shown in 6-8 by changing the metal atom
from Co, Cd, to Zn, giving cds, 2,4L1, and (102-12)(10)(4-10-12%)(4) topologies, respectively.

2.12. Photodegradation

The governing role of CPs in the photodegradation of organic pollutants has been
a subject of current interest [14-19]. Complexes 1-3, which differ in the fifth position of
the phenyl ring of the dicarboxylate ligands, i.e., the tert-butyl, NO, and NH; groups,
respectively, thus, provide a unique opportunity to compare the substituent effect on
the photodegradation. Methylene blue (MB, C1cHgCIN3S) was selected as the dye con-
taminant, and the experiments were carried out with 30 wt % HyO; under 365 nm UV
light. Time-dependent absorption spectra of the MB solutions under 365 nm UV light are
provided as Figures S1-S8.
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The intensity of the peculiar absorption band at 663 nm was utilized to precisely
monitor the degradation process of MB. Figure 10 illustrates the variations in the A/ A of
MB solutions vs irradiation time for complexes 1-3, showing that the absorption intensities
of MB reduced gradually with increasing reaction time, where Ay is the initial absorbance
of the MB solution and A is the absorbance of the solution after illumination at time t.
Degradation efficiency (DE) of MB was calculated by using DE % = [(Ag — At)/Ag] x 100.
Additionally, the DE % with the mean values and standard deviations were evaluated,
Tables S1-58. After 120 min, the DE of MB for the various strategies are as follows: 3%
(blank), 53.46% (MB + H,O5), 6% (MB + complex 1), 10.42% (MB + complex 2), 16.43%
(MB + complex 3), 61.35% (MB + H,O, + complex 1), 77.59% (MB + H,O, + complex 2), and
95.06% (MB + HyO, + complex 3), demonstrating that the DE % of MB by the complexes
participated with H,O; follows the pattern of 1 < 2 < 3. Moreover, the Brunauer-Emmett—
Teller (BET) surface areas obtained from the N; adsorption experiments were 4.96, 6.12,
and 9.95 m? /g for 1-3, respectively, as in Figures $9-S11. The PXRD patterns of complexes
1-3 succeeding photodegradation processes were examined. No noticeable alterations were
found for 1 and 2, whereas significant change has been observed for 3, as illustrated in
Figures 512-514. The structural change in 3 may enhance the photodegradation efficiency.
Structural modification was also observed for 3 after the N, adsorption and desorption, as
in Figures 515-517, indicating that complex 3 was not stable during the experiments.

100 —

80

—l—MB
-@—MB - H,0,

20 4 |-A—MB - Complex 1

== MB + Complex 1+ H,0,)
-@—MB + Complex 2
[~—MB + Complex 2+ H,0,)

|=p—MB + Complex 3
04 |-@—VB+ Complex3+H,0,

T I T I
0 20 40 60 80 100 120
Time(min)
Figure 10. Photodegradation rates of MB solution under UV irradiation.

Although the role of the tert-butyl, NO,, and NH; groups in determining the DE
is complicated, the different BET surface areas of the original 1-3 resulting from the
different substituent groups can be influential. The hydroxyl radical (OH-) has been
considered as the major oxidant which decomposes the organic dye with a good effi-
ciency [15]. High surface area reflects a higher adsorption quantity of H,O, that led to the
formation of (OH-) and, thus, implies more MB can be degraded. For comparisons it is
noted that the CPs {[Zn(L2)(AIPA)]-2H,0}, (L2 = N,N'-bis(3-pyridinyl)terephthalamide;
H,AIPA = 5-acetamidoisophthalic acid) and {[Zn(L3)(AIPA)]-2H,O}, (L3 = N,N'-di(3-
pyridyl)adipoamide), which adopted self-catenated 3D frameworks with the (424.6%)-
8T2 and the (4*-6'°-8)-mab topologies, respectively, promoted the MB degradation, and
the DE were 81.56 and 85.46%, respectively [20]. On the other hand, the four topolog-
ically identical CPs having the 2-fold interpenetrating 3D net with the mog topology,
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{IM(L4) 5(L5)(H20),]-H,O}n M = Co and Ni; H4L4 = bis(3,5-dicarboxyphenyl)adipoamide;
L5 = bis(N-pyrid-3-ylmethyl) adipoamide) and {[M(L4)(L6),(H,0)4]-3H,0}, (M = Co
and Ni; L6 = bis(N-pyrid-3-ylmethyl) suberoamide) also display good photodegrada-
tion performance toward MB, and the Co(II) CPs display better catalytic ability than the
Ni(II) ones [21].

3. Materials and Methods
3.1. General Procedures

Elemental analyses involving C, H, and N atoms were performed on a PE 2400 series
II CHNS/O (PerkinElmer instruments, Shelton, CT, USA) or an Elementar Vario EL-III
analyzer (Elementar Analysensysteme GmbH, Hanau, Germany). Infrared spectra were
obtained from a JASCO FT/IR-460 plus spectrometer with pressed KBr pellets (JASCO, Eas-
ton, MD, USA). Powder X-ray diffraction patterns were carried out with a Bruker D8-Focus
Bragg-Brentano X-ray powder diffractometer equipped with a CuKa (Ay = 1.54178 A)
sealed tube (Bruker Corporation, Karlsruhe, Germany).

3.2. Materials

The reagents Co(OAc),-4H,0, Cd(OAc),-H,O and Zn(OAc),-2H,O were purchased
from Alfa Aesar (Ward Hill, MA, USA), whereas 5-tert-butylisophthalic acid (5-tert-HpIPA),
5-nitroisophthalic acid (5-NO,-HIPA), 5-aminoisophthalic acid (5-NHp-HpIPA ),
diphenylmethane-4,4'~dicarboxylic acid (HoMBA ), 4,4-sulfonyldibenzoic acid (H,SDA),
and naphthalene-1,4-dicarboxylic acid (1,4-H,NDC) were from Aldrich Chemical Co.
(St. Louis, MO, USA). The ligand N,N’-bis(pyridin-3-ylmethyl)terephthalamide (L) was
prepared according to a published procedure [22].

3.3. Preparations
3.3.1. [Co(L)(5-ter-IPA)(H20)3]n, 1

A 23 mL Teflon-lined steel autoclave was sealed with Co(OAc),-4H,O (0.050 g,
0.20 mmol), L (0.070 g, 0.20 mmol), 5-tert-HyIPA (0.042 g, 0.20 mmol), and 10mL H,O,
which was heated to 100 °C for two days and then cooled to room T at a rate of 2 °C per
hour. Orange crystals formed, which were collected and purified. Yield: 0.061 g (46%).
Anal. caled for C3H34CoNyOg (MW = 661.56): C, 58.1; H, 5.1; N, 8.5%. Found: C, 58.8; H,
5.3; N, 8.7%. FT-IR (cm™1): 3420(s), 2965(w), 1663(m), 1606(m), 1536(m), 1479(m), 1431(m),
1372(m), 1281(w), 1187(w), 1107(m), 1038(w), 933(m), 786(s), and 710(s).

3.3.2. {[Co(L)(5-NO,-IPA)]-2H, O}y, 2

Purple crystals of 2 were prepared by following similar procedures for 1, except
that 5-NO,-H,IPA (0.042 g, 0.20 mmol) was used. Yield: 0.065 g (50%). Anal. calcd for
CosHo5CoN5019 (MW = 650.46): C, 51.7; H, 3.9; N, 10.8%. Found: C, 52.2; H, 3.6; N, 10.8%.
FT-IR (cm 1) :3473(s),3386(s),3263(s),3083(m), 1647(m), 1613(m), 1556(m), 1530(m), 1464(m),
1392(m), 1346(m), 1288 (w), 1083(w), 1038(w), 996(m), 736(s), 718(s), and 702(s).

3.3.3. {[Co(L)o 5(5-NH,-IPA)]- MeOH},,, 3

Complex 3 was prepared by following similar procedures for 1, except that 5-NHj-
H,IPA (0.036 g, 0.20 mmol) in 10 mL of MeOH/H,O was used. Red crystals were collected.
Yield: 0.064 g (72%). Anal. calcd for C19Hi3CoN3O4 (MW =443.29): C, 51.5; H, 4.1; N, 9.5%.
Found: C,51.2; H, 3.7; N, 9.5%. FT-IR (cm™'): 3389(s),3326(s), 1653(m), 1546(m), 1530(m),
1451(m), 1404(m), 1346(m), 1278 (w), 1055(w), 1033(w), 957(m), 781(s), 729 (s), and 711(s).

3.3.4. {[Co(L)(MBA)]-2H,0} », 4

Complex 4 was prepared by following similar procedures for 1, except that a mixture
of Co(OAc);,-4H,0 (0.05 g, 0.20 mmol), L (0.070 g, 0.20 mmol), and MBA (0.052 g, 0.20 mmol)
in 10 mL of H,O was used. Purple crystals were obtained. Yield: 0.084 g (60%). Anal.
caled for C35H3,CoN4Og (MW = 695.57): C, 60.4; H, 4.6; N, 8.1%. Found: C, 60.7; H, 4.3; N,
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7.7%. FT-IR (cm™1): 3450 (s), 2920(m),2850(m), 1629(m), 1613(m), 1469(s), 1392(m), 1358(m),
1301(w), 871(m), 760(s), 727(w), and 702(w).

3.3.5. {[Co(L)(SDA)]-H,Oln 5

Complex 5 was prepared by following similar procedures for 1, except that a mixture
of Co(OAc),.4H,0 (0.025 g, 0.10 mmol), L (0.035 g, 0.10 mmol), SDA (0.031 g, 0.10 mmol),
and 8 mL of HyO in 2 mL of MeOH was used. Violet crystals were obtained. Yield: 0.023 g
(41%). Anal. calcd for Co4H19CoN»,OgS (MW = 554.40): C, 52.0; H, 3.4; N, 5.1%. Found:
C, 51.9; H, 34; N, 6.5%. The large inconsistency of the N atom may be due to the fact
that the crystals used for measurement suffered the loss of co-crystallized solvents or the
contamination of minor product which was not able to be removed. FT-IR (cm~1): 3428(s),
2925(s), 2851(m), 3083(m), 1648(m), 1549(m), 1418(m), 1301(m), 1173(m), 1127(m), 1035(w),
1288 (w), 992(w), 862(w), 762 (s), and 700(s).

3.3.6. {[COz(L)z(1,4-NDC)2(H20)2]'5H20}n, 6

Complex 6 was prepared by following similar procedures for 1, except that a mixture
of Co(OAc);,-4H,0 (0.025 g, 0.10 mmol), 1,4-H,NDC (0.022 g, 0.10 mmol), and L (0.035 g,
0.10 mmol) in 10 mL HyO was used, and the reaction was carried out at 80 °C. Pink crystals
were obtained. Yield: 0.055 g (81%). Anal. calcd for CesHgpCoyNgOi9 (MW = 1365.07):
C,56.3;H,4.6; N, 8.2%. Found: C, 56.8; H, 4.3; N, 8.8%. IR (Cm_l): 3483(s), 3314(s), 2915(m),
1649(s), 1546(s), 1428(m), 1349(m), 1295(m), 1256(w), 1198(w), 1051(m), 977(s), and 838(m).

3.3.7. {[Cd(L)(1,4-NDC)(H>0O)]-2H,O}, 7

Prepared as described for 6, except that Cd(OAc),-H,O (0.027 g, 0.10 mmol) was used.
Colorless crystals were obtained. Yield: 0.039 g (54%). Anal. calcd for C3yH3nCdN4Og
(MW = 727.00): C,52.7; H, 4.1; N, 7.7%. Found: C, 52.7; H, 3.8; N, 7.5%. IR (cm~1): 3436(s),
1643(s), 1559(m), 1428(s), 1367(s), 1284(m), 1234(m), 1189(m), 1117(w), 1058(w), 873(m),
846(s), and 700(m).

3.3.8. {[Zny(L)»(1,4-NDC),]-2H,O}, 8

Complex 8 was prepared by following similar procedures to those for 6, except that a
mixture of Zn(OAc),-2H,0 (0.022g, 0.10 mmol) was used. Colorless crystals were obtained.
Yield: 0.061 g (95%). Anal. calcd for CgsHs5pZnyNgOq4 (MW =1287.87): C,59.7; H, 4.1; N,
8.7%. Found: C, 60.4; H, 3.7; N, 8.7%. IR (cm~1): 3330(s), 3060(m), 2929(w), 1644(s), 1600(s),
1540(s), 1430(m), 1328(m), 1291(w), 1257(w), 1193(m), 1123(w), 833(m), 786(m), and 701(m).

3.4. Powder X-ray Analysis and IR Spectra

In order to check the phase purity of the product, powder X-ray diffraction (PXRD)
experiments were carried out for complexes 1-8. As shown in Figures S18-525, the peak
positions of the experimental and simulated PXRD patterns were in a good agreement with
each other, indicating their bulk purities. The IR spectra of complexes 1-8 are provided in
the Supplementary Materials as Figure 526.

3.5. Procedures for Photodegradation

The experiments were carried out in a homemade photodegradation box (Figure 527).
For the experiments, test tube 1 (blank), tube 2 (0.1 mL H,0O,), tube 3 (10 mg complex), and
tube 4 (10 mg complex + 0.1 mL H,O,) were prepared. A total of 10 mL of a 10 ppm MB
solution was added to each tube, which was prepared by diluting 10 mg MB with deionized
water in a 1000 mL quantitative bottle. Each tube was then irradiated with the 365 nm UV
light for 20, 40, 60, 80, 100, and 120 min, respectively, and then their absorption spectra
were measured. Tube 3 and tube 4 were first stirred in the dark for 15 min to confirm the
physical adsorption of the complex.
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3.6. X-ray Crystallography

Single-crystal X-ray diffraction data for complexes 1-8 were collected on a Bruker AXS
SMART APEXII CCD diffractometer with graphite-monochromated MoK (A« = 0.71073 A)
radiation at 296 K [23]. Data reduction and absorption correction were performed by using
standard methods with well-established computational procedures. Some of the heavier
atoms were located by the direct or Patterson method, and the remaining atoms were found
in a series of Fourier maps and least-squares refinements, while the hydrogen atoms were
added by using the HADD command in SHELXTL [24]. Table 2 lists the basic information
pertaining to crystal parameters and structure refinement. CCDC no. 2238099-2238106
contain the supplementary crystallographic data for this paper. These data can be obtained
free of charge via http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44

1223 336 033; e-mail: deposit@ccdc.cam.ac.uk; or at: http:/ /www.ccdc.cam.ac.uk.

Table 2. Crystallographic data for 1-8.

Compound 1 2 3
Formula C3pH34N4OgCo CprgHy5N501¢Co C19H18CoN30q4
Formula weight 661.56 650.46 443.29
Crystal system Triclinic Triclinic Triclinic
Space group P1 P1 Pi
a, A 10.3115(3) 10.0958(2) 8.3283(3)
b, A 11.9684(4) 11.3920(3) 10.0484(3)
c, A 13.2748(4) 12.6159(3) 11.3130(4)
«, ° 74.6853(9) 73.5612(11) 81.041(2)
B, ° 73.1745(9) 84.2220(10) 87.225(25)
Y, ° 73.1501(9) 87.1266(11) 82.0898(19)
V, A3 1471.49(8) 1384.23(6) 925.94(5)
z 2 2 2
Deale, Mg/m3 1.493 1.561 1.590
F (000) 690 670 456
it (Mo Kg), mm~! 0.644 0.689 0.971
Range (20) for data collection, deg 3.270 < 20 < 56.854 3.380 < 20 < 56.662 3.646 < 20 < 56.688
Independent reflections . 73_57 . 68_80 . 46_07
[R(int) = 0.0247] [R(int) = 0.0226] [R(int) = 0.0329]
Data/restraints/parameters 7357/0/406 6880/0/397 4607/0/262
Quality-of-fit indicator ¢ 1.035 1.065 1.005
Final R indices R1 =0.0303 R1 =0.0536 R1=0.0378
[1>20(I)] *P wR2 =0.0732 wR2 =0.1556 wR2 =0.0824
R indices (ol dat) WR2 00763 WR2 201659 W 00895
Compound 4 5 6
Formula C35H3,CoNyOg Cp4H19CoN,OgS CesHgpCorNgOq9
Formula weight 695.57 554.40 1365.07
Crystal system Orthorhombic Triclinic Monoclinic
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Table 2. Cont.

Space group Ibca P1 P2y /c
a, A 13.6153(3) 9.1565(4) 16.5329(3)
b, A 19.3800(5) 10.9657(5) 17.1867(3)
c, A 25.1236(6) 13.2184(6) 21.3467(4)
«, ° 90 97.8126(15) 90
B,° 90 109.4504(17) 103.3525(9)
Y, ° 90 104.9062(15). 90
V, A3 6629.2(3) 1173.06(9) 5901.61(19)
Z 8 2 4
Deale, Mg/m3 1.394 1.570 1.536
F (000) 2888 568 2832
i (Mo Ky ), mm™? 0.576 0.874 0.649
Range (20) for data collection, deg 3.242 <260 < 52.000 3.962 <20 <56.714 3.076 < 20 < 56.588
Independent reflections [R(int)32=6g.0767] [R(int)5i38.0234] [R(int1)4=6 10?.’0466]
Data/restraints/parameters 3267/1/223 5836/0/334 14613/0/841
Quality-of-fit indicator ¢ 1.014 1.067 1.060
Final R indices R1 =0.0492, R1 = 0.0375, R1 = 0.0526,
[I>20(1)] 2P wR2 =0.1109 wR2 =0.1079 wR2 =0.1264
o moom, o
Compound 7 8
Formula C3H390CdN4O9 Ces H50ZnyNgO14
Formula weight 727.00 1287.87
Crystal system Monoclinic Triclinic
Space group P2y /c P1
a, A 16.9732(3) a=12.8606(12)
b, A 9.4163(2) b =13.1507(14)
¢, A 20.7184(4) ¢ =18.7726(18)
, ° 90 90.177(6)
B, ° 114.0812(10) 101.414(6)
v, ° 90 113.475(5)
V, A3 3023.12(10) 2842.7(5)
Z 4 2
Deale, Mg/m3 1.597 1.505
F(000) 1480 1328
(Mo Ky ), mm~—1! 0.786 0.922
Range (20) for data collection, deg 2.628 <20 < 56.620 2.222 <20 < 56.840
Independent reflections [R(in t)7 5:23 0571] [R(in t1)4=190%080 6]
Data/restraints/parameters 7521/0/419 14194/0/793
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Table 2. Cont.

Quality-of-fit indicator ¢ 1.009 1.004
Final R indices R1=0.0373, R1 =0.0567,
[1>20(D)] 2P wR2 =0.0670 wR2 =0.1012
R1 =0.0672, R1 =0.1485,

R indices (all data) wR2 = 0.0763 wR2 = 0.1265

ARy = Fy — Fe/Fo. ® WRy = [W(Fo? — F2)2/W(Fo2)?1"2. w = 1/[0%(Fo?) + (ap)? + (bp)], p = [max(F,2 or 0) +
2(F2)1/3. a=0.0329, b = 0.9214, 1; a = 0.0873, b = 1.5032, 2; a = 0.0413, b = 0.5057, 3; a = 0.0644, b = 0.1557, 4;
a=0.0665, b = 0.5236, 5; a = 0.0590, b = 6.0526, 6; a = 0.0259, b = 1.0874, 7; a = 0.0475, b = 0.1495, 8. ¢ quality-of-fit =
[Zw(l Fo2l — IF2| )2]/(N0bserved - Nparameters)1/2~

4. Conclusions

Eight divalent CPs constructed from L and various dicarboxylic acids have been
successfully accomplished. The changes in the substituted group at the fifth position of the
phenyl rings of the dicarboxylic acids from tert-butyl and NO, to the NH; group drastically
alters the structural types, affording the simplified structures with the hcb, pcu, and sql
topologies for complexes 1-3, respectively. The use of the angular dicarboxylic acids, such
as HyMBA and H,SDA, gave entangled CPs 4 and 5, showing a polycatenation of a 2-fold
interpenetrated 2D layer with the sql and a 2-fold interpenetrated 2D layer with the 2,611
topologies, whereas the metal effect on the structural diversity can be shown in complexes
6-8 by changing the metal atom from Co, Cd to Zn, affording a 3D framework with the
cds, a 2D layer with the 2,411, and a 2D layer with the (10%-12)(10)2(4-10-12%)(4) topologies,
respectively. The structural diversity of the semi-rigid L-based divalent CPs is, thus, subject
to the identities of the metal atom and the dicarboxylic acid. The degradation efficiency
toward MB that follows 1 < 2 < 3 can be ascribed to their increasing surface areas, resulting
from the different substituent groups of tert-butyl, NO,, and NH; at the fifth position of
the phenyl ring of the respective dicarboxylate ligands.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules28052226/s1, UV-vis spectra (Figures S1-S8). Degrada-
tion efficiency (Tables S1-58). N sorption isotherm (Figures S9-511). PXRD patterns (Figures S12-525).
IR spectra (Figure 526). Photodegradation box (Figure S27).
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Abstract: Environmental pollution has been a reality for many decades, with its contamination
intensifying daily due to rapid urbanization and the ever-increasing world population. Dyes, and
especially synthetic ones, constitute a category of pollutants that not only affect the quality of water
but also exhibit high toxicity toward living organisms. This study was thoroughly planned to
explore the removal of two toxic dyes, namely the methylene blue (MB) and methyl orange (MO)
compounds from contaminated aqueous media. For this purpose, we designed and synthesized two
new composite materials based on ammonium-functionalized Zr** MOF (MOR-1 or UiO-66-NH3*)
and naturally occurring sorbents, such as bentonite and clinoptilolite. The composite materials
displayed exceptional sorption capability toward both MB* and MO™ ions. A key finding of this study
was the high efficiency of the composite materials to simultaneously remove MB* and MO~ under
continuous flow conditions, also showing regeneration capability and reusability, thus providing an
alternative to well-known mixed bed resins.

Keywords: metal-organic frameworks; composite materials; dyes’ sorption; methylene blue; methyl
orange; zeolite; clay; sorption column; alginate beads

1. Introduction

In recent centuries, the industrialization of human societies has led to massive urban-
ization in most regions on planet Earth. Consequently, different kinds of industries have
developed, which have served people’s needs in various aspects of their daily life. How-
ever, the proliferation of people’s needs for products and the rapid increase of industrial
production have resulted in the generation of hazardous waste and toxic gases, alongside
the production of the desired products. Aqueous wastes, originating from industry or
from human processes, when released into the environment without any kind of treatment,
cause serious water pollution.

Over the years, various pollutants, such as pharmaceuticals and personal care products
(PCPs), pesticides, dyes, oil, and aromatic and/or organic compounds, have been detected
in aquatic environments [1]. Interestingly, dyes and pigments, which are widely used in
textile industries, tanneries, paper mills, and plastics production, are the most abundant
pollutants in aquatic environments. It is estimated that approximately 100,000 commercially
available dyes are produced each year at a rate of 8 x 10° tons per year, with 15% of the
dyes produced typically being released as wastewater to water bodies [2-4]. Water quality
is greatly affected by color, and even a small percentage of dye can be visible and cause
a color sensation in the water [5]. These seemingly ‘innocent pollutants” are harmful to
fish and other aquatic organisms, are potentially carcinogenic, and can cause acute or
chronic diseases to exposed living beings [6,7]. Moreover, dyes exhibit resistance to light,
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heat, and oxidizing agents, a fact that is derived from their complex aromatic molecular
structures. On that account, the protection of the earth’s water resources becomes vital
and has been facilitated through the development of effective and efficient separation and
purification techniques.

So far, the reported techniques for the treatment of dye-contaminated aquatic sources
include sorption, flocculation, electrolysis, photocatalysis, and biodegradation [8-11].
Among these methods, sorption is the simplest and most efficient one adopted for these
purposes [12]. Thus, in the last decades, special attention has been paid to the research
on nanoporous materials, as it has been found that they are good sorbents and play an
important role in separation and purification processes. The relatively new class of highly
crystalline porous solids, metal-organic frameworks (MOFs), is constantly gaining ground
in various research fields, and especially in applications regarding sorption removal and
the separation/purification of contaminated wastewater [13-16].

In our previous work, we reported the successful removal of the acidic/anionic
dye methyl orange (MO™) with the [ZrsO4(OH)4(NH3*-BDC)4]Cls-solvent (MOR-1 or
UiO-66-NH3"), where NH,-BDC?~ = 2-amino-terephthalate, in its composite form with
alginic acid (HA) [12]. Although MOR-1-HA has been shown to be an excellent sorbent
toward MO~, the results were rather discouraging when the cationic dye methylene blue
(MB*) was used as the target pollutant, confirming our prediction that the sorption mech-
anism involves an anion-exchange process [12]. To this end, we decided to improve the
sorbent functionality to enable the removing of both anionic and cationic species. Given
the fact that MOR-1-HA could easily exchange its CI~ with MO~ the goal was to design
a composite which consisted of MOR-1 and a secondary unit that could capture cationic
species. Clays and zeolites were two promising classes of materials since they have been
extensively applied in the removal of cationic dyes from wastewater, indicating superior
sorption behavior with great cation-exchange properties [17,18]. Herein, we present two
composite materials based on the anion-exchanging material MOR-1, combined with nat-
ural inorganic cation-exchange materials, specifically bentonite (clay) and clinoptilolite
(zeolite), together with alginic acid—a natural organic polymer. The composite mate-
rials (MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA exhibited an exceptional
capability to remove MO~ and MB* dyes from water solutions under various conditions.
Additionally, we synthesized two composite sorbents based on the above-mentioned ma-
terials, calcium alginate and Fe;O4, which in the form of beads could be successfully
employed in ion-exchange columns. It is worth mentioning that such columns combine the
capability for the simultaneous reduction of the concentrations of mixed MO~ /MB* dyes
in aqueous solutions and regeneration capacity reusability, thus offering an alternative to
the use of mixed bed resins [19].

2. Results
2.1. Synthesis of the Composite Materials

In our group, several ammonium-functionalized Zr** MOFs have been reported and
widely used as sorbents for the removal of various anionic species [12,20-25]. However,
these MOFs could not be applied in solutions containing cationic pollutants without the
previous deprotonation of the amine group [26], which means that the material could
not further uptake anions. The principal idea in this study was to design composite
multifunctional sorbents based on MOR-1 (Figure 1), an excellent anion sorbent, and widely
available aluminosilicate materials, such as bentonite and clinoptilolite (Figure S1) that are
well-known for their highly efficient cation-exchange properties [27-30]. Thus, the resulted
materials were capable of simultaneously removing both anionic and cationic pollutants.
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Figure 1. Representation of the structure of MOR-1. Color code: C, grey; O, red; N, blue; Zr, cyan.

The synthesis of these composite materials was carried out in aqueous solutions of
sodium alginate where MOR-1 and bentonite or clinoptilolite were mixed in a weight
percentage ratio of 1:1. Within these solutions, layers of alginate anions covered the parti-
cles of the materials and the addition of concentrated acetic acid led to the precipitation
of the (MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA (HA = alginic acid) com-
posites. The weight percentage of alginate’s contribution in each composite was only
2% and did not affect the sorption process. These materials were proven excellent sorbents
via batch sorption studies (see below). However, they were isolated in the form of fine
powder, and thus they were not suitable to be used as stationary phases in columns. To
this end, we prepared composite materials, namely (MOR-1/Bentonite/Fe304)-10%CA
and (MOR-1/Clinoptilolite/Fe304)-10%CA (CA = calcium alginate) in the form of beads
(Figure 2), which contained more alginate content (10%) as well as Fe3O4 particles. The
latter component not only allowed an easy recovery of the beads by applying an external
magnetic field (Figure S52), but also seemed to enhance the mechanical strength of the beads,
facilitating the unhindered flow of water solutions through the stationary phase of the
column. We should note that the significantly increased alginate content in the beads,
compared to that of the powder form of the composites, may result in slower sorption
kinetics; however, the isolation of composites in the form of beads requires a content of
alginate >10% w/w.

Formation of (MOR-1/Bentonite/
Fe,0,)-10%CA beads

"- +Fe;0, + Sodium alginate
————— ——— LIPS Py
[ X
L]
%0 2%
MOR-1/Bentonite MOR-1/Bentonite/ Fe;0, MOR-1/Bentonite/ Fe;0,/ sodium 2% w/v CaCl,
suspension suspension alginate suspension

Figure 2. Schematic representation of the preparation of (MOR-1/Bentonite/Fe304)-10%CA beads.
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2.2. Characterization of the Composite Materials

In our previous work, we reported that MOR-1 and its alginic acid composite were
highly crystalline materials [20,21]. The PXRD pattern of bentonite revealed a typical
amorphous structure from 4 to 40 26 (Figure 3A). In PXRD patterns obtained after the
synthesis of (MOR-1/Bentonite)-HA, a slight loss of the crystallinity of MOR-1-HA was
observed; however, the characteristic diffraction peaks of MOR-1-HA at 20 of 7.3°, 8.5°, and
12° corresponding to (111), (200), and (220) planes, respectively, were present (Figure 3A).
A typical PXRD pattern of clinoptilolite displays several diffraction peaks (Figure 3B) [31].
The PXRD pattern of (MOR-1/Clinoptilolite)-HA (Figure 3B) contained diffraction peaks
of both MOR-1-HA and clinoptilolite, thus confirming the successful preparation of the
composite material. Similarly, the PXRD patterns of Fe;04-modified composites revealed
great consistency with those of pristine materials (Figure S3).

(B)

(A)

(111)
(111)

—— Clinoptilolite
— MOR-1-HA
—— (MOR-1/Clinoptilolite)-HA

——Bentonite
—MOR-1-HA
—(MOR-1/Bentonite)-HA

(200)

(200)

Intensity (a.u.)
(220)

Intensity (a.u.)
i

T T 1

10 20 30 40
29°

Figure 3. (A) PXRD patterns of bentonite, MOR-1-HA, and (MOR-1/Bentonite)-HA. (B) PXRD pat-
terns of clinoptilolite, MOR-1-HA, and (MOR-1/Clinoptilolite)-HA. The characteristic diffraction
peaks of MOR-1 and aluminosilicates are highlighted in the green rectangles.

The successful modification of MOR-1 with either bentonite or clinoptilolite was further
supported by FI-IR spectroscopy (Figure 4). The IR spectrum of (MOR-1/Bentonite)-HA
indicated several characteristic bands of MOR-1, such as those at 1565 and 1383 cm !
assigned to the v,;(COO™) and vs(COQO") stretching modes, respectively, as well as the
characteristic bands of pristine bentonite. Specifically, the peak at 3627 cm ™! was attributed
to the vibration of the Al-O-H group, while the peaks at 1117 and 1030 cm~! were due
to the vibrations of Si-O units. Moreover, the bands at 524 and 463 cm ! were related
to the Al-O-Si and Si-O-5i bending vibrations of bentonite, respectively (Figure 4A) [32].
Similarly, the IR spectrum of (MOR-1/Clinoptilolite)-HA revealed the characteristic bands
for MOR-1 as well as those for clinoptilolite (Figure 4B). In addition, the IR spectra of
(MOR-1/Bentonite/Fe304)-10%CA and (MOR-1/Clinoptilolite/Fe304)-10%CA displayed
the characteristic peaks for MOR-1 and either of those for bentonite (Figure S4a) or clinop-
tilolite materials (Figure S4b).
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Figure 4. FT-IR spectra of (A) bentonite, MOR-1, and (MOR-1/Bentonite)-HA; (B) clinoptilolite,
MOR-1, and (MOR-1/Clinoptilolite)-HA.

Furthermore, diffuse reflectance UV-Vis data for the composite materials indicated
absorption features of both MOR-1 and aluminosilicate components (Figures S5 and S6).
The Brunauer—-Emmett-Teller (BET) surface areas for (MOR-1/Bentonite)-HA and (MOR-
1/Clinoptilolite)-HA were found to be 313 and 368 m?/g, respectively (Figure 5), whereas
the BET surface areas of (MOR-1/Bentonite/Fe304)-10%CA and (MOR-1/Clinoptilolite/
Fe304)-10%CA were determined to be 246 and 286 m? /g, respectively (Figure S7). In gen-
eral, the surface areas of the composite materials were found to be significantly smaller than
those of pristine MOR-1 (Figure 5), which implied a partial blockage of the pores of the MOF
framework by the aluminosilicate material. Scanning electron microscopy (SEM) images
revealed a two-phase morphology for all the composite materials (Figure S8). In addition,
EDS analysis confirmed further the amalgamation of the MOF with bentonite or clinoptilo-
lite (Figure S9), as well as the presence of Fe in the (MOR-1/Bentonite/Fe304)-10%CA and
(MOR-1/Clinoptilolite/Fe304)-10%CA composite materials (Figures S10 and S11).

(A) (B) ;
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Figure 5. N, sorption isotherms (77 K) for MOR-1, (A) (MOR-1/Bentonite)-HA, and (B) (MOR-
1/Clinoptilolite)-HA.
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2.3. Batch Sorption Studies
2.3.1. Sorption Kinetics

The contact time was one of the critical factors that pointedly influenced the per-
formance and assessed the applicability of the sorbent. Thus, the determination of the
sorption kinetics was the first step in the investigation of the sorption properties of (MOR-
1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA toward MB* and MO~ ions. Lager-
gren’s first-order equation and Ho-Mckay’s pseudo-second-order equation are the com-
monly used models for the fitting of the kinetics data. In the current study, both models were
applied; however, the significantly higher R? values, the low values for the residual sum of
squares and relatively small uncertainty parameters, suggested that Ho-Mckay’s pseudo-
second-order equation better represented the kinetics of the dyes’ sorption (Table S1). This
finding suggested a mechanism involving the chemisorption of dyes on the composite
materials [33]. Figure 6 illustrates the effect of the contact time on the sorption of MB* and
MO™ by the composite materials.
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Figure 6. Fitting (red line) of the kinetics data with the Ho-Mckay’s pseudo-second-order equation
for the sorption of (A) MB* and (B) MO~ by (MOR-1/Bentonite)-HA; (C) MB* and (D) MO~ by
(MOR-1/Clinoptilolite)-HA.

The results indicated that the rate of sorption was very fast in the first 10 min of
the interaction between the dyes’ ions and the sorbents. After that time, the removal
rate became almost insignificant considering that by elapsing the contact time, the vacant
sorption sites were less than in the beginning of the experiments. Significantly, within
only the 1st min of contact, both materials successfully removed ~97% of the MO~ and
~98% of the MB" ions. After 10 min of contact, an equilibrium was reached with removal
percentages > 99%.
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2.3.2. Sorption Isotherms

Equilibrium analysis is a powerful tool for the comprehension of the sorption pro-
cess. Toward this end, we carried out sorption experiments with solutions of variable
concentrations. The sorption equilibrium data were fitted with the Langmuir, Freundlich,
and Langmuir—Freundlich isotherm models, the mathematical expressions of which are

provided below:
(a) Langmuir
B bC,
1= e,
(b) Freundlich
1
g = KgC¢
(¢) Langmuir-Freundlich
1
(bCe) ™

m——— 1
1+ (bC)7

where g (milligrams per gram) represents the amount of the ion removed at the equilibrium
concentration C, (parts per million), g, is the maximum sorption capacity of the sorbent, b
(milligrams per liter) is the Langmuir constant related to the free energy of the sorption,
and Kr and 1/# are the Freundlich constants [34].

Figure 7 depicts the equilibrium data for the sorption of MB* and MO~ ions by
(MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA, as well as their fitting with the
suitable model. The sorption isotherm data revealed that (MOR-1/Bentonite)-HA was able
to remove 321 mg g~ of MB* and 312 mg g ! of MO~ from the corresponding solutions.
The best fitting of isotherm sorption data for (MOR-1/Bentonite)-HA was achieved with
the Langmuir-Freundlich model for the sorption of MB" and the Langmuir model for the
sorption of MO™. The description of the MO™ sorption data by (MOR-1/Bentonite)-HA
with the Langmuir model indicated a monolayer sorption of the dyes” anionic species
inside the pores of the MOR-1 material [35]. The fact that the MB* sorption isotherm
of (MOR-1/Bentonite)-HA followed the Langmuir-Freundlich model, which combines
features of both the Langmuir and Freundlich approaches, indicated the contribution of
both homogenous and heterogenous sorption processes [35]. In our previous study, we
reported that the sorption of MO~ by MOR-1-HA was attributed to the exchange of C1~
ions with MO™ ions. However, no sorption capacity was observed for the cationic dye
MB*, which has a similar molecular size to MO~, revealing that MOR-1-HA material can
selectively sorb the anionic but not the cationic dye through an ion-exchange process [12].
These findings suggested that bentonite was responsible for the removal of MB* ions and
not the MOR-1-HA. Indeed, the latter was supported by the equilibrium data obtained from
the sorption of MB* by the pristine bentonite material. The maximum sorption capacity
was found to be 525 mg g~! (Figure S12a). The value of 321 mg of MB* removed per gram
of (MOR-1/Bentonite)-HA was close to the theoretical, given that the weight percentage
of bentonite in the composite material was 50%.

The isotherm sorption data for (MOR-1/Clinoptilolite)-HA were fitted with the
Langmuir-Freundlich model for both the MB* and MO~ sorption processes. The maximum
MB* and MO~ sorption capacities for (MOR-1/Clinoptilolite)-HA were calculated to be
312mg g~ ! and 323 mg g~ !, respectively. Pristine clinoptilolite was able to remove 403 mg
of MB* g~! (Figure S12b), while the composite (MOR-1/Clinoptilolite)-HA seemed to be
more effective for the removal of MB*. It is worth mentioning that bentonite and clinop-
tilolite showed no sorption capacity for MO™. The results acquired from the isotherm
studies in combination with those previously obtained for MOR-1-HA [12] revealed that
the sorption process involved the cation exchange of MB™ in the aluminosilicate component
and anion exchange of MO™ in the MOR-1 material.
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Figure 7. (A) MB* and (B) MO~ isotherm sorption data for (MOR-1/Bentonite)-HA; (C) MB* and
(D) MO~ isotherm sorption data for (MOR-1/Clinoptilolite)-HA.

2.3.3. Variable pH Studies

Detailed studies with dye-contaminated solutions of a wide pH range revealed that
pH was not a critical factor for the performance of our sorbents. The pH study was
conducted with solutions containing MB* or MO~ and in the pH range from 1 to 10 for
both materials. Significantly, the capture of MB* from either (MOR-1/Bentonite)-HA or
(MOR-1/Clinoptilolite)-HA was overwhelming since the removal percentages were close
to 100% (>99.86-100%) independent of the pH of the solution (Figure 8A,C). Furthermore,
(MOR-1/Bentonite)-HA exhibited astonishing sorptive behavior toward the anionic dye
MO™, with removal percentages higher than 97% (Figure 8B). (MOR-1/Clinoptilolite)-HA
was found capable to remove MO™ as effectively as (MOR-1/Bentonite)-HA in solutions
with a pH > 3, while a slight loss was observed at pH 2 and 1, with removal percentages
reaching 90% and 72% (Figure 8D), respectively. It is likely that the high excess of C1~
anions resulted from the HCI acid used for pH adjustment and not that the presence of
H* affected the sorption of MO~ by (MOR-1/Clinoptilolite)-HA. It is not clear, however,
why the sorption of MO~ by (MOR-1/bentonite)-HA was inhibited only a little under
similar conditions.
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(D) MO~ by (MOR-1/Clinoptilolite)-HA in the pH range of 1-10.

2.3.4. Selectivity Studies

Given the fact that dye-contaminated wastewater contains several anionic and/or
cationic species besides the dyes’ ions, dye sorption studies were also performed in complex
solutions with a number of antagonistic cations and/or anions. To this end, the sorptive
ability of (MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA toward MB* was in-
vestigated in solutions containing a series of competitive cations, such as Na*, K*, and
Ca?* in large excesses. Interestingly, the MB* removal ability of both composites seemed
not to be importantly influenced by the presence of the antagonistic cations. In particular,
(MOR-1/Bentonite)-HA achieved removal percentages for MB™* as high as 99.80%, 98.95%,
and 99.46% even in the presence of a 1000-fold excess of Na*, K*, and CaZ*, respectively,
while the correspondent percentages for (MOR-1/Clinoptilolite)-HA were found to be
97.90%, 95.40%, and 96.11% (Figure 9A). In addition, the ability of (MOR-1/Bentonite)-HA
and (MOR-1/Clinoptilolite)-HA to capture MO~ was investigated in aqueous solutions
containing C1~, Br—, NO;~, or S042~ anions in relatively high concentrations. As shown
in Figure 9B, both composite materials could efficiently remove MO™, even in the pres-
ence of quite high concentrations of competitive anionic species. Specifically, despite
the presence of 1000-fold excesses of CI~ or NO3;~, the removal percentages of MO~ by
(MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA were calculated to be equal or
higher than 80%. A slight decrease was observed when a 1000-fold excess of Br~ was
added to the solutions (removal percentages = 65.6% and 73.0% for (MOR-1/Bentonite)-
HA and (MOR-1/Clinoptilolite)-HA, respectively), and even higher was the decrease after
adding a 1000-fold of SO42~ (~60% removal). However, the latter finding can be easily
explained since SO4%~ is bivalent and can interact more efficiently with the MOF’s active
sites than the monoanionic MO™. The last step to the selectivity study was the inves-
tigation of the efficiency of (MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA to
uptake the ions of dyes under realistic conditions. For this reason, the sorption occurred
in bottled water intentionally contaminated with MB* or MO™~. These samples were rich
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in several anionic and cationic species, including C17, NO3~, S0,2~, HCO3~, Na*, K*,
Ca?*, and Mg?*, with concentrations that exceeded those of MB* and MO~ by up to 35
times. Although the removal of MO~ seemed to be slightly hindered due to the mixture
of the anions, the removal percentages of 67.64% and 65.45% with (MOR-1/Bentonite)-
HA and (MOR-1/Clinoptilolite)-HA were still high and very promising, considering the
complexity of these solutions (Figure 9). Moreover, the selective removal of MB* by both
(MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA was exceptional, since the pres-
ence of the ions had zero effect on the sorption process and no traces of the dyes were
detected in the bottled samples.
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Figure 9. (A) MB* sorption data for (MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA in
the presence of various competitive anions (initial MB* concentration = 18 ppm, pH ~ 6.5) and
in contaminated bottled water samples (initial MB* concentration = 18 ppm, pH ~ 7.8). For com-
parison, sorption results in distilled water (DH,O) solutions (containing no antagonistic ions) are
also provided. (B) MO~ sorption data for (MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA
in the presence of various competitive anions (initial MB* concentration = 18 ppm, pH ~ 6.5), in
contaminated bottled water samples (initial MB* concentration = 19 ppm, pH ~ 7.8), and in distilled
water solutions. The composition of the bottled water was as follows: pH = 7.8, HCO3 ™~ = 244 ppm,
Cl~ =4.29 ppm, NO3~ = 1.93 ppm, SO42~ =9.16 ppm, Na* = 2.24 ppm, K* = 0.6 ppm, Ca?* = 80.7
ppm, and Mg?* =5.34 ppm.

2.4. Column Sorption Study

The above sorption results derived from the batch reaction experiments are promis-
ing for the possible use of (MOR-1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA in
MO~ and MB* sorption applications. However, the efficient performance of ion-exchange
materials under stirring conditions does not necessarily mean that they can be applied in in-
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dustrial wastewater treatment. The latter requires the use of continuous flow ion-exchange
columns [19]. Furthermore, dye-contaminated industrial wastewater contains more than
one coloring factor, which can be either anionic or cationic. With a view to address this issue,
we decided to perform column sorption studies with a mixture of MB*/MO~, which better
met the requirements for real-world wastewater treatment. As reported above, (MOR-
1/Bentonite)-HA and (MOR-1/Clinoptilolite)-HA are in the form of fine powder, and thus
they cannot be used as stationary phases in columns for the removal of dyes under contin-
uous flow. Thus, two new composite materials in the form of beads were isolated and used
for the simultaneous removal of a mixture of MB* /MO~ under dynamic conditions, namely
(MOR-1/Bentonite/Fe304)-10%CA and (MOR-1/Clinoptilolite/Fe304)-10%CA. Column
sorption studies were conducted with a MB*/MO™ mixture solution of an initial concentra-
tion of 3.7 ppm MB* and 5.3 ppm MO™. Since the light green solution passed through the
column, it was decolorized (Figure S13). Importantly, the columns could be easily regener-
ated by treatment with a solution of 1M HCI and reused for several cycles. Specifically, a
column filled with (MOR-1/Bentonite/Fe;04)-10%CA beads achieved the removal of 82%
of MB* from the first bed volume received (bed volume = bed height [cm] x cross sectional
area [cm?]), while after 115 bed volumes, the correspondent removal percentage was close
to 48% of the initial MB* concentration (Figure S14a). At the same time, 69% and 20%
removal were observed for MO™ at the first and last bed volumes collected, respectively
(Figure S14b). In the second and third runs, the performance of the column seemed to
be improved due to the slower flow rate, which resulted in a longer contact time. The
bed volume was 1.15 mL, the average flow rate = 1.66 mL min~!, and the empty bed
contact time (EBCT) = 0.69 min [36]. Specifically, in the first bed volume collected in the
second run, the removal percentages were increased to 88% and 86% for MB* and MO~,
respectively, whereas the corresponding percentages found in the third run of the column
were as high as 96% and 90%, respectively (Figure S14). It is worth mentioning that 83%
and 75% removal of the initial MB* and MO™ content, respectively, could be achieved even
after passing 85 bed volumes in the third run of the column. Similar results were obtained
from the ion-exchange column filled with (MOR-1/Clinoptilolite/Fe304)-10%CA beads
(bed volume = 1.34 mL, the average flow rate = 2.5 mL min~!, and the EBCT = 0.54 min)
(Figure S15),

Furthermore, we designed a column sorption investigation where 40 mL of the mix-
ture solution circularly passed through the column. The latter simulated a popular pro-
cedure for industrial wastewater treatment, where a series of columns was applied to
improve the removal performance of the sorbent [19]. The results proved that both types
of columns were impressive, since both (MOR-1/Bentonite/Fe304)-10%CA and (MOR-
1/Clinoptilolite/Fe304)-10%CA were able to successfully capture approximately 90% of
the initial MB*/MO™ content (Figure 10). Specifically, (MOR-1/Bentonite/Fe304)-10%CA
was able to remove 95% and 92% of the MB* and MO, respectively, after 10 times of
circularly passing the effluent through the column (bed volume = 1.15 mL, the average
flow rate = 8 mL min~!, and the EBCT = 0.14 min) (Figure 10A,B). It should be noted
that the column was treated with 1M HCI and was reused showing a similar removal
capacity. Likewise, the removal percentages for (MOR-1/Clinoptilolite/Fe304)-10%CA
were as high as 96% and 90% for MB* and MO™, respectively (bed volume = 1.34 mL, the
average flow rate =8 mL min~!, and the EBCT = 0.17 min) (Figure 10C,D). The regeneration
and reuse of this column revealed slight changes in the removal capability of the column.
Noteworthily, the average flow rate of the columns was calculated to be 8 mL min—!, which
meant that 5 min was enough to complete every cycle of 40 mL solution feeding. The latter
finding is very promising for industrial applications, not only because a single column with
circularity feeding would be able to sufficiently downgrade a mixture of dye-contaminated
wastewater, but also due to the short operation time and the “ready to use” ability after a
simple regeneration procedure. In addition, the regeneration of the composite materials
was achieved inside the column, in contrast to the traditional mixed bed columns where
the regeneration demands removal and repacking at the stationary phase [19].
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Figure 10. Column sorption data regarding the removal of (A) MB* and (B) MO~ with (MOR-
1/Bentonite/Fe304)-10%CA from the mixture solution. Column sorption data regarding the removal
of (C) MB* and (D) MO~ with (MOR-1/Clinoptilolite/Fe304)-10%CA from the mixture solution.
The MB*/MO™ mixture solution circularly passed through the column up to 10 times.

Although we cannot clarify if a synergistic effect occurred in the simultaneous sorption
of anionic and cationic dyes, several findings from this study supported the opposite
scenario. The batch sorption data with solutions containing either MB* or MO~ (individual
dye sorption experiments) indicated in general the higher sorption capability of composites
for MB* vs. MO™. This trend seemed to be followed also in column sorption with a mixture
of dyes, and thus synergistic sorption phenomena were not rather likely.

2.5. Isolation and Characterization of the Composite Materials and Dye-Loaded Composite Materials

The color of both composite materials changed from light yellow to blue or orange
after the sorption of MB* or MO, respectively (Figures S16 and S17). Moreover, UV —vis
diffuse reflectance spectroscopy further supported the capture of the dyes’ ions by the
composite materials. Specifically, the wide band appearing in the region of 550 to 800 nm at
the spectra of (MOR-1/Bentonite)-HA@MB™ (Figure S17a) and (MOR-1/Clinoptilolite)-
HA@MB* (Figure S19a) was assigned to the absorption of MB*. Similarly, in Figures
S18b and S19b, the characteristic peak at 464 nm was due to the absorption of MO™. In
addition, UV-vis spectra of the materials used as the stationary phase in the ion-exchange
columns displayed absorption peaks of both MB* and MO, confirming the simultaneous
sorption of the two anionic species by the composites (Figure S18). The PXRD patterns of
(MOR-1/Bentonite)-HA@MB*, (MOR-1/Bentonite)-HA@MO~, (MOR-1/Clinoptilolite)-
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HA@MB*, and (MOR-1/Clinoptilolite)-HA@MO™ revealed that the crystal structures
were retained after the sorption processes (Figure 11). Moreover, the PXRD patterns ob-
tained from (MOR-1/Bentonite/Fe3O4)-10%CA and (MOR-1/Clinoptilolite/Fe304)-10%CA
beads, after the treatment of the column with the mixture of MB* and MO, indicated that
the crystallinity of the composites was preserved (Figure S21).
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Figure 11. PXRD patterns of (MOR-1/Bentonite)-HA along with those of (A) (MOR-1/Bentonite)-
HA@MB*, (B) (MOR-1/Bentonite)}-HA@MO~ and MOR-1/Clinoptilolite)-HA, (C) (MOR-
1/Clinoptilolite)-HA@MB*, and (D) (MOR-1/Clinoptilolite)}-HA@MO .

3. Conclusions

In conclusion, this study dealt with the development of novel composite sorbents
with the capability for the simultaneous removal of anionic and cationic toxic dyes from
aqueous media. Specifically, the two composite materials, (MOR-1/Bentonite)-HA and
(MOR-1/Clinoptilolite)-HA, were synthesized via a facile method and their sorptive effi-
ciencies toward the toxic dyes MB and MO were investigated in detail. (MOR-1/Bentonite)-
HA and (MOR-1/Clinoptilolite)-HA exhibited a high sorption capacity, fast sorption ki-
netics (the equilibrium can be achieved in ~10 min), excellent sorption ability in acidic
and alkaline solutions, and high selectivity for the dyes over various coexisting ionic
species. Toward practical applications, (MOR-1/Bentonite/Fe304)-10%CA and (MOR-
1/Clinoptilolite/Fe304)-10%CA in the form of beads were used as stationary phases in
columns, achieving the highly efficient removal of MB* and MO~ ions from a mixture
containing both dyes. Overall, this study provides an alternative technology combining the
high removal efficiency of multiple pollutants and capability for the in-situ regeneration of
sorbents, as opposed to well-known mixed bed columns requiring the ex-situ regeneration
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Abstract: In recent years, metal-organic framework (MOF)-based nanofibrous membranes (NFMs)
have received extensive attention in the application of water treatment. Hence, it is of great signifi-
cance to realize a simple and efficient preparation strategy of MOF-based porous NFMs. Herein, we
developed a direct in situ formation of MOF/polymer NFMs using an electrospinning method. The
porous MOF/polymer NFMs were constructed by interconnecting mesopores in electrospun compos-
ite nanofibers using poly(vinylpolypyrrolidone) (PVP) as the sacrificial pore-forming agent. MOF
(MIL-88A) particles were formed inside the polyacrylonitrile (PAN)/PVP nanofibers in situ during
electrospinning, and the porous MIL-88A /PAN (pMIL-88A /PAN) NFM was obtained after removing
PVP by ethanol and water washing. The MOF particles were uniformly distributed throughout the
pMIL-88A /PAN NFM, showing a good porous micro-nano morphological structure of the NFM with
a surface area of 143.21 m? g~!, which is conducive to its efficient application in dye adsorption and
removal. Specifically, the dye removal efficiencies of the pMIL-88A /PAN NFM for amaranth red,
rhodamine B, and acid blue were as high as 99.2, 94.4, and 99.8%, respectively. In addition, the NFM
still showed over 80% dye removal efficiencies after five adsorption cycles. The pMIL-88A/PAN
NFM also presented high adsorption capacities, fast adsorption kinetics, and high cycling stabilities
during the processes of dye adsorption and removal. Overall, this work demonstrates that the in situ
electrospun porous MOF/polymer NFMs present promising application potential in water treatment
for organic dyestuff removal.

Keywords: electrospun; nanofibrous membranes; MIL-88A; dye adsorption and removal

1. Introduction

Dyes, pesticides, food additives, pharmaceuticals, personal care products, and other
emerging organic contaminants in water resources present numerous adverse effects on
human health and ecosystem [1]. Owing to the development of industries, such as the
textile dyeing and finishing industry, the amount of organic dyes polluting industrial
wastewater has increased [1-4]. Therefore, researchers have focused on developing ad-
equate wastewater treatment methods [5,6]. To date, numerous physical and chemical
methods, such as advanced oxidation [7], adsorption [8-13], coagulation-flocculation [14],
and photocatalysis [15], have been used for organic dye remediation. Of these, adsorption
has been one of the most cost-effective methods owing to its simplicity and low energy con-
sumption [16-19]. Therefore, it is critical to develop novel materials with high adsorption
capacities for the efficient removal of organic dyes from wastewater.

Metal-organic frameworks (MOFs), owing to their diverse structure, high surface
area, and tunable pore size, have been widely used in gas storage and separation ap-
plications and organic molecules adsorbents [20-26]. In particular, MOFs with accurate
chemical design have been successfully used to adsorb, separate, and remove organic ionic
dyes [24,27]. For example, Li et al. prepared a MOF-based nanofiber filter using an electro-
static spinning method and used it to adsorb and selectively separate cationic dyes from
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aqueous solutions [28]. Jhung et al. prepared urea- or melamine-modified MIL-100(Cr),
which is a highly efficient adsorbent for nitroimidazole dyes [29]. However, the applica-
tions of powdered MOF particles in organic dye treatment of continuous wastewater are
relatively limited [30]. Therefore, it is crucial to develop novel methods for the preparation
of polymer-MOF composite membranes for efficient and stable treatment of organic dyes
in continuous fluid wastewater.

Electrospinning is a fiber fabrication method used to produce long and continuous
polymer fibers with diameters in the nano- or micrometer ranges [31-38]. Furthermore,
the fibers form stacks during electrospinning, yielding nonwoven membranes [33,38].
Owing to their high porosity and easy preparation, electrospun polymer fibers have
recently been integrated with MOFs to shape MOFs into fibers [29-32]. For example,
Zhao et al. proposed a simple method for the uniform growth of porous MIL-100(Fe) on
electrospun polyacrylonitrile (PAN) fiber membranes via electrospinning and hydrother-
mal reactions [38]. Similarly, Lu et al. deposited UiO-66-NH; on the surface of electrospun
PVDF-MOF linker nanofibrous membranes (NFMs) and used the composite NFMs for
removal of toxic chemicals [39]. Xie et al. prepared a graphene oxide (GO)/MIL-88A(Fe)
membrane by embedding MIL-88A into a GO matrix. The membrane exhibited remarkable
recovery and self-cleaning performance and excellent degradation performance for organic
pollutants under ultraviolet (UV) irradiation [40]. Leus et. al. embedded Pt@MIL-101 into
a poly-e-caprolactone matrix via electrospinning to create a “catalytic carpet” [41]. The
current methods used to prepare polymer-MOF composite NFMs can be classified as fol-
lows: (1) hydrothermal synthesis followed by loading MOFs onto the surface of the NFMs
after spinning and (2) direct blending of MOFs with polymer solutions for spinning [28].
These processes are complex; moreover, pure MOF particles are not dispersed uniformly
throughout the polymer matrix during spinning [28,42]. Therefore, it is critical to develop
new methods to fabricate polymer-MOF composite NFMs.

In this study, we developed a direct in situ formation of MOF/polymer NFM using an elec-
trospinning method. Moreover, the porous MOF/polymer NFMs were constructed by inter-
connecting mesopores in electrospun composite nanofibers using poly(vinylpolypyrrolidone)
(PVP) as the sacrificial pore-forming agent. We designed and prepared MIL-88A powder
and developed a simple one-step electrospinning method for in situ binding MIL-88A onto
PAN nanofibers. Specifically, MIL-88A MOF particles were formed inside the PAN/PVP
fibers in situ during electrospinning, and porous MIL-88A /PAN (pMIL-88A /PAN) NFM
was obtained after removing PVP by ethanol and water washing. The MOF particles
were uniformly distributed throughout the pMIL-88A /PAN NFM, showing a good porous
micro-nano morphological structure of the NFM, which is conducive to its efficient applica-
tion in dye adsorption and removal. Accordingly, the pMIL-88A /PAN NFM presented high
adsorption capacities, fast adsorption kinetics, and high cycling stability for the removal of
amaranth red, rhodamine B, and acid blue dyes. Overall, this work provides an effective
strategy for electrospinning composite MOF/polymer NFMs, which will benefit future
research and applications in water treatment and other fields.

2. Results and Discussion
2.1. Preparation and Characterization of the pMIL-88A/PAN NFMs

Figure 1 shows the schematic for the preparation of the porous MIL-88A /PAN (pMIL-
88A /PAN) NFM. Considering the simplicity and universality of the MOF structure, an iron-
based MOF (MIL-88A) formed from FuA and FeCl; 6H,O was used in this study. In situ
MOF formation, polymer solidification, and solvent evaporation occurred simultaneously
during electrospinning of the spinning solution containing PAN, PVP, FuA, and FeCl;
6H,0. Owing to the difference in solubility, PVP was added to the PAN spinning solution
as the supporting pore-forming sacrificial agent, whereas PAN served as the polymer
nanofiber skeleton. Therefore, the MIL-88A combined porous nanofiber can be formed
after the PVP is removed by ethanol and water washing. More importantly, the originally
embedded MIL-88A particles can be regularly exposed to the surface of the porous PAN
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nanofibers, increasing its specific surface area, and providing abundant adsorption sites for
dyes. Meanwhile, the macropores of the PAN fibers provide ample space for adsorption
and decrease the mass transfer resistance for dye treatment of continuous wastewater.
Overall, the proposed in situ electrospun scheme is a simple and effective strategy for the
preparation of pMIL-88A /PAN NFM, and the NFM will be effectively used for the removal
of organic dyes in the treatment of continuous wastewater.
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Figure 1. Schematic for the fabrication of pMIL-88A /PAN NFMs.

Details of the preparation of the relevant electrospun NFMs are shown in the Experi-
mental section and Supporting Information. To confirm the formation of the NFMs, their
morphology was evaluated. Figure S1a,b show the scanning electron microscopy (SEM)
images of the initial PAN composite PVP (PAN/PVP) NFM, presenting uniform nanofibers
with diameters of ~300 nm as well as relatively smooth surfaces, which indicates that PAN
and PVP are well mixed and fibrillar during spinning. After sufficient ethanol and water
washing of PAN/PVP NFM to remove PVP, porous PAN (pPAN) NFM was obtained. Fig-
ure Slc,d shows its rough and uneven surface morphology after removing PVP, suggesting
the feasibility of PVP as a supporting pore-forming sacrifice agent for the preparation of
porous NFM. Then, FuA and FeCl; 6H,O were added to PAN/PVP spinning solution to
prepare in situ MIL-88A /PAN/PVP (iMIL-88A /PAN/PVP) and pMIL-88A /PAN NFMs.
Since the MIL-88A particles formed in situ in the process of electrospinning are wrapped
inside the fibers, iMIL-88A/PAN/PVP shows morphological characteristics similar to
common nanofibers (Figure 2a,b). Therefore, the aggregation morphology of MIL-88A
formed in situ can be observed in SEM images of iMIL-88A /PAN/PVP with removal of
PVP, and it can be optimized by adjusting the feeding rate during electrospinning. As
shown in Figure S2, less obvious MOF particles were displayed on the surface of NFM
at a feeding rate as high as 0.8 mL h~!. With the feeding rate as low as 0.2 mL h~!, how-
ever, large prismatic crystal particles of MIL-88A were formed, rendering the NFM fragile,
which was not conducive to further application. Through comparison, pMIL-88A /PAN
NFM with more suitable morphological characteristic was achieved at a feeding rate of
0.4 mL h~! than 0.6 mL h~! (Figure S2b,c). Correspondingly, Figure 2c,d show the SEM im-
ages of the optimal pMIL-88A /PAN NFM with scale bars of 400 nm and 1 um, respectively.
The particles on the nanofiber membrane exhibited long hexagonal rhombic columnar
crystal characteristics (Figure S3), indicating that the nanofiber membrane contains a large
amount of MIL-88A particles [43—46]. Numerous homogeneous and dense particles with
diameters of 50-100 nm appeared on the rough surface of fibers, confirming that MIL-88A
was successfully embedded onto the surface of the PAN fibers and formed pMIL-88A /PAN
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nanofibers. For the purpose of comparison, in situ MIL-88A /PAN (iMIL-88A /PAN) and
blended MIL-88A with PAN spinning solution (hMIL-88A /PAN) NFMs were also prepared.
As shown in Figure 2e,f, the conventional and relatively smooth surface morphologies
indicated that the in situ or pure MOF particles were both encapsulated inside of the PAN
fibers, suggesting the significance of PVP auxiliary preparation of pMIL-88A /PAN NFM.
Energy-dispersive spectroscopy (EDS) experiments were used to determine the C, N, O,
and Fe distributions of the pMIL-88A /PAN NFM, and the EDS spectrum is shown in
Figure S4. According to the elemental mappings of the NFM, C, N, O and Fe were well
distributed throughout the surface of pMIL-88A /PAN nanofibers (Figure 2g-k), which ver-
ified the fabrication and uniform distribution of MIL-88A on the surface of PAN nanofibers.
Opverall, these results demonstrated that a good micro-nano morphological pMIL-88A /PAN
NFM was successfully prepared by electrospinning.

Figure 2. SEM images of the iMIL-88A /PAN/PVP (a,b) and pMIL-88A /PAN (c,d) NFMs with scale
bars of 400 nm and 1 pum. SEM images of the iMIL-88A /PAN (e) and bMIL-88A /PAN (f) NFMs.
Overall (g), C (h), N (i), O (j), and Fe (k) elemental mappings of a pMIL-88A /PAN NFM.

The chemical structures of the as-fabricated NFMs were analyzed using FI-IR spec-
troscopy (Figure 3a,b). As shown in Figure 3a, the characteristic peaks at 2934, 2240, 1730,
and 1450 cm~! were assigned to the vibrations of the main chain and pendant group
(—C=N) of PAN, and the carbonyl and tertiary amine groups of PVP were observed with
the characteristic peaks of 1660 and 1280 cm ™!, respectively. Compared to the PAN/PVP
NEFM, the absence of characteristic peaks of PVP in the FI-IR spectrum of pPAN NFM
indicates that PVP has been effectively and completely removed during the preparation of
the porous NFMs. The similar changes of characteristic peaks of PVP in the FT-IR spectra
of iMIL-88A /PAN/PVP and pMIL-88A /PAN NFMs are exhibited in Figure 3b, combined
with the characteristic peaks of MIL-88A (1608, 1392, and 810-510 cm 1), which confirmed
the formation of the chemical structure of pMIL-88A/PAN NFM. The XRD patterns of
MIL-88A, FuA, iMIL-88A /PAN/PVP, and pMIL-88A /PAN NFMs are shown in Figure 3c.
The peaks at 10.2° and 12.8° in the XRD patterns were ascribed to the (101) and (002) crystal
planes of MIL-88A [42], which were present in the XRD patterns of iMIL-88A /PAN/PVP
and pMIL-88A/PAN NFMs, indicating that MIL-88A particles were incorporated into
the NFMs. The peak at 28.5° of iMIL-88A /PAN/PVP NFM may be attributed to the re-
dundant FuA in the NFM, whereas this peak in pMIL-88A /PAN NFM disappeared due
to ethanol and water rinsing of iMIL-88A /PAN/PVP NFM. Furthermore, the intensity
of the peak at 10.2° in the XRD pattern of pMIL-88A/PAN NFM was higher than that
of iMIL-88A /PAN/PVP NFM, indicating that MIL-88A particles became exposed after
washing and a more regular MOF crystal morphology was formed. The above results
confirmed the necessity of PVP as a pore forming sacrificial agent, and demonstrated the
successful preparation of the pMIL-88A /PAN NFM.
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The porosity of the as-fabricated NFMs, which is critical for dye adsorption and
removal, was evaluated using N, adsorption-desorption experiments. As shown in
Figure 3d, the Brunauer-Emmett-Teller (BET) surface area of the pMIL-88A /PAN NFM
was calculated to be 143.21 m? gfl, which is 3-3.5 times that of MIL-88A powder and
pPAN NFM (46.89 and 41.57 m? g~1). Moreover, compared to MIL-88A powder and pPAN
NEM, the pMIL-88A /PAN NFM showed a high content of pore size distribution in the
range of 2-30 nm (Figure S5). These results indicate that the combinations of MIL-88A and
porous PAN nanofibers generated abundant mesoporous structures, which were attributed
to the formation of MOF-polymer interfaces. Therefore, pMIL-88A /PAN NFM with a good
porous structure is expected to achieve efficient dye adsorption and removal.

2.2. Adsorption Performance of the NFMs
2.2.1. Dye Removal Efficiencies

To evaluate the adsorption performance of the as-fabricated pMIL-88A /PAN NFM
for organic dyes, amaranth red (AR), thodamine B (RB), and acid blue (AB) were used
as pollutants. These are the most commonly used dyes in industry and are frequently
detected in water environments. The chemical structures of the three dyes are shown in
Figure 4a. The adsorption performance of the pMIL-88A/PAN NFM was evaluated by
removing the dyes from wastewater samples. Figure 4b shows photographs of the dye
solutions before and after adsorption and Figure 4c shows the photographs of the NFMs
before and after adsorption. The quantified adsorption capacities of the NFMs for AR, RB,
and AB were recorded by UV-vis absorption measurements (Figure 4d—f). The ratio of
the maximum absorption peak intensity of the solution after and before adsorption can
be defined as the dye removal efficiency. The dye removal efficiencies of AR, RB, and
AB using pMIL-88A /PAN NFM were calculated as 99.2, 94.4, and 99.8%, respectively.
Accordingly, the colors of the three dye solutions became transparent after filtration using
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the pMIL-88A /PAN NEM, and the colors of the relevant NFMs changed from the initial
orange to the corresponding colors of the removed dyes (Figure 4b,c). However, after
filtration using the pPAN NFM, the dye removal efficiencies for AR, RB, and AB were
calculated as 9.0, 31.8, and 8.6%, respectively, demonstrating that pPAN NFM exhibited
limited dye adsorption and removal ability. These results verify that the pMIL-88A /PAN
NFM can highly effectively remove organic dyes from aqueous solutions.
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Figure 4. (a) Chemical structures of AR, RB, and AB. (b) Photographs of dye solutions before and
after adsorption. (c) Photographs of pMIL-88A /PAN NFMs before and after adsorption. UV —vis
absorption spectra of AR (d), RB (e), and AB (f) solutions before and after adsorbed using pPAN and
pMIL-88A /PAN NFMs.

2.2.2. Adsorption Kinetics of pMIL-88A /PAN NFM

As shown in Figure 5a,b, due to the abundant adsorption sites of pMIL-88A /PAN
NEM, the adsorption rates of the dyes were fast in the initial stages and then started to
slow down until equilibriums were reached. The experimental conditions were as follows:
Co =20 mg L~! and adsorbent dosage = 0.2 mg mL ™. The kinetic data were subsequently
fitted using the most widely used kinetic models: the pseudo-first- and pseudo-second-
order kinetic models (Figure 5a and b, respectively). The linear equations of the pseudo-first-
and pseudo-second-order kinetic models can be expressed as follows [47]:

. kqt
log(qe — q1) = logqe — 5257 @

f_1 1
qt kage2  qe

()

where g; and g, (mg g~ !) are the adsorption capacity at time t and at equilibrium, respec-
tively, and kq (h~1) and k, (g h mg)’l) are the pseudo-first- and pseudo-second-order
model rate constants, respectively. The fitting results are listed in Table 1. The R? values
revealed that the adsorption processes were better described by the pseudo-second-order
kinetic model. Accordingly, the g,s for the adsorption of AR, RB, and AB using pMIL-
88A/PAN NFM were calculated as 102.56, 97.56, and 101.94 mg g, respectively, under
the pseudo-second-order kinetic model, which is 2.4-4.2 times that of the results calculated
with the pseudo-first-order model (23-43 mg g~ 1).

88



Molecules 2023, 28, 760

(a)

log(Q,-Q,)

(b)
1.0 AR 100 — g -
—— RB
0.8 4 —v—AB 80
0.6 - o 60
o))
E
0.4 > 404
0.2 - 20 —=— AR
0.0+ 04 Jl ——AB
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)
(d)
0.5 = AR
» RB
044 a AB
)
£ 03
E o
o
=102
ke
0.1
0.0+
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)

Figure 5. Dye removal rates (a) and adsorption kinetics (b) of pMIL-88A /PAN NFM. The average
fits under pseudo—first (c) and pseudo—second—order (d) kinetic models for the adsorption of AR,
RB, and AB using pMIL-88A /PAN NFM.

Table 1. Calculated results of pseudo-first- and pseudo-second-order constants for the adsorption of
AR, RB, and AB using pMIL-88A /PAN NFM.

b Pseudo-First-Order Model Pseudo-Second-Order Model
ye

ge (mg g—1) ki (h—1) R? ge(mgg™)  ky(g(mgh)1) R?
AR 33.81 0.1329 0.8646 102.56 0.009564 0.9992
RB 23.14 0.0546 0.6184 97.56 0.01846 0.9998
AB 42.88 0.1073 0.9626 101.94 0.008094 0.9992

The dye removal rates for the adsorption of AR, RB, and AB using the pPAN and
PMIL-88A /PAN NFMs, and pure MIL-88A powder (Figure S6) indicate that the removal
rates of the pMIL-88A /PAN NFM for the three dyes were higher than that of pure MIL-88A
powder and pPAN NFM. This was attributed to the synergistic effect of the mesopores
and MIL-88A particles morphology of the pMIL-88A /PAN NFM increasing the adsorption
efficiency of the composite membranes for the dyes.

2.2.3. Adsorption Isotherms of pMIL-88A /PAN NFM

The adsorption performance of the pMIL-88A /PAN NFM was further evaluated using
adsorption isotherms, and the results are shown in Figure 6 and Table 2. The classical
isotherm models: Langmuir and Freundlich were used to fit the experimental data, and the
corresponding linear equations are as follows [48]:
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Figure 6. Adsorption isotherms of pMIL-88A /PAN NFM for AR (a), RB (b) and AB (c).

Table 2. Calculated results of the Langmuir and Freundlich models for the adsorption of AR, RB, and
AB by the pMIL-88A /PAN NFM.

b Langmuir Isotherm Freundlich Isotherm

e
Y Jmax (mg gfl) b (L mgfl) R? Kr n R?
AR 180.41 0.0129 0.99989 17.8564 2.729 0.94561
RB 382.75 0.0071 0.99988 16.6871 2.079 0.97013
AB 399.35 0.0036 0.99950 6.10945 1.711 0.98950

Langmuir isotherm (homogeneous and monolayer adsorption):

C. Ce 1
ety - 3
e qm bCIm ®)

Freundlich isotherm (heterogeneous and multilayer adsorption):
1
log g, = logKr + ZlogCE 4)

Here, g, is the equilibrium adsorption capacity (mg g~ '), Ce is the equilibrium con-
centration (mg L), g,, and b are Langmuir constants related to the maximum adsorption
capacity and binding energy, respectively, and Kr and n are the Freundlich constant and het-
erogeneity factor, respectively. The fitting data are summarized in Table 2. Upon analyzing
the nonlinear or linear fitting curves (Figure 6) and comparing the R? values for the Fre-
undlich and Langmuir models, it was concluded that the AR, RB, and AB adsorption by the
PMIL-88A /PAN NFM fit the Langmuir model better. These results indicate that adsorption
was a monolayer process, and specific homogeneous sites were present in the adsorbent.
Therefore, the maximum adsorption capacities (gmaxs) of the pMIL-88A/PAN NFM for AR,
RB, and AB were determined using the Langmuir model, and the results are summarized
in Table 2. Meanwhile, adsorption isotherms of MIL-88A powder, iMIL-88A /PAN and
bMIL-88A /PAN NEFMs for three dyes were performed (Figure S7), and the corresponding
gmaxs are listed in Table S1. The gmaxs of pure MIL-88A for AR, RB, and AB were 114.03,
119.30, and 309.45 mg g_l, respectively. In contrast, the gmaxs of the pMIL-88A/PAN NFM
for AR, RB, and AB were 180.41, 382.75, and 399.35 mg g’l, respectively. The gmaxs of
the pMIL-88A /PAN NFM for the three dyes, especially for RB, were higher than those of
pure MIL-88A powder. In addition, the gmaxs of the iMIL-88A /PAN and bMIL-88A /PAN
NEFMs for the three dyes were substantially lower than those of pure MIL-88A and pMIL-
88A/PAN NFM, which should be attributed to the fact that the MOF particles are wrapped
in the iMIL-88A /PAN and bMIL-88A /PAN NFMs. These results indicate that the in situ
electrospun and PVP removing preparation strategy of pMIL-88A/PAN NFM can expose
more adsorption sites of MIL-88A for dyes, and more pore structures suitable for dyes
adsorption were formed, improving its dye adsorption performance.
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2.2.4. Recyclability of the pMIL-88A /PAN NFM

Adsorption—desorption experiments were conducted to evaluate the recyclability of
the pMIL-88A/PAN NFM. In the first adsorption test, the pMIL-88A /PAN NFM showed
99-100% removal efficiencies for AR, RB, and AB dyes (Figure 5). Then, the dye-adsorbed
NFM was treated with ethanol to destroy the interactions between MOFs and organic
dyes and realize the desorption of dyes, so that the NFM can be used for the following
recyclability experiments. The desorption efficiency was calculated as the ratio of the mass
of NFM desorbed by ethanol to the mass of the initial NFM. The desorption efficiencies of
pMIL-88A /PAN NFM adsorbed AR, RB, and AB dyes were as high as 99.9%, indicating that
all three dyes could achieve a good adsorption-desorption cycling. After five adsorption—
desorption cycles, the removal efficiencies of the pMIL-88A /PAN NFM for AR, RB, and AB
dyes remained higher than 80% (Figure 7a). After five adsorption—desorption cycles, the
NFM showed good optical shape maintenance (Figure 7b). Moreover, the NFM before RB
adsorption and after desorption of RB exhibited similar FT-IR spectra, suggesting the good
structural stability of the NFM under long-term application. Overall, the pMIL-88A /PAN
NEFM exhibited a good recyclability, which enables a long service life and will be beneficial
to the recovery and reuse of dyes from wastewater.
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Figure 7. (a) Adsorption recyclability of the pMIL-88A/PAN NEM. (b) FT—IR spectra of pMIL-
88A/PAN NFM before RB adsorption and after desorption of RB; the inset images are the optical
photographs of the corresponding NFMs.

3. Materials and Methods
3.1. Materials

PAN (Mw = 200 kDa) was obtained from Shunjie Plastic Technology Co., Ltd. (Najing,
China). FeCl; 6H,0O and N,N-dimethylformamide (DMF) were purchased from Tianjin Best
Chemical Co., Ltd. (Tianjin, China). PVP (Mw = 130 kDa), fumaric acid (FuA), amaranth
red (AR), rhodamine B (RB), and acid blue (AB) were acquired from Energy Chemical
(Guangzhou, China). All chemicals were of analytical grade and were used as received
without further purification.

3.2. Preparation of NFMs

The NFMs were prepared by electrospinning strategy. Firstly, the PAN/PVP solu-tion
(solution A) was prepared by adding 1 g of PAN powder to DMF (PAN:DMF = 1:9 wt/wt)
under constant stirring for 6 h to prepare a uniform and transparent mixture. Thereafter,
1 g of PVP powder was added to the PAN solution and the mixture was stirred continuously
for 5 h to prepare the solution A. Next, FeClz 6H,O and fumaric acid were added to DMF
(FeCls 6H,O:FuA:DMF = 1.01:2.11:10 wt/wt), and the mixture was stirred for 3 h to prepare
spinning solution B. An electrospinning solution C was prepared by mixing the solution A
with the as-prepared solution B.

Subsequently, the solution C was loaded into a 10 mL syringe for electrospinning with
an applied voltage of 25 kV, a receiving distance of 15 cm and a flow rate of 0.4 mL h~!.
This fiber sample was named in situ MIL-88A /PAN/PVP (iMIL-88A /PAN/PVP) NFM.
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The collected iMIL-88A /PAN/PVP NFM was immersed into a mixed aqueous solution
containing 50% ethanol at 50 °C for 24 h to remove PVD, followed by rinsing with ethanol
and water. Then the NFM was soaked in methanol for 3 d, followed by drying in a vacuum
oven at 100 °C overnight to obtain the porous MIL-88A /PAN (pMIL-88A /PAN) NFM.

The PAN/PVP NFM was obtained by electrospinning solution A, and then the pPAN
NFM was obtained by removing PVP of PAN/PVP NFM. For comparison, pure MIL-88A
particles, in situ MIL-88A /PAN (iMIL-88A /PAN) and blended MIL-88A /PAN (bMIL-
88A/PAN) NFMs were also prepared.

3.3. Characterization

Scanning electron microscopy (SEM) and elemental mapping measurements were
performed on a Sigma500 (ZEISS) scanning electron microscope. Fourier-transform infrared
(FT-IR) spectra were recorded on a Nicolet IS 10 (Thermo Fisher, Massachusetts, America)
spectrometer. X-ray diffraction (XRD) characterization was performed on a Rigaku Smart-
Lab 9 kW using Cu K« radiation (A = 1.5406 A, 40 kV, and 100 mA). Nitrogen physisorption
measurements were conducted to determine the surface areas and pore volumes on a Mi-
cromeritics ASAP 2460 apparatus. UV-vis spectra were recorded on an UV-3600 (Shimadzu,
Kyoto, Japan) spectrophotometer.

3.4. Adsorption and Desorption Experiments
3.4.1. Adsorption Experiments

Kinetic experiments were conducted by adding 20 mg of adsorbent to 100 mL of AR,
RB, and AB solutions with initial concentrations of 20 mg L~!. The adsorbent dosage was
0.2 mg mL~!, and 2 mL aliquots were used to determine the concentrations of the dyes.
For the adsorption experiments, 10 mg of adsorbent was added to 10 mL of amaranth red,
rhodamine B, and acid blue solutions with concentrations in the range of 25-400 mg L~!.
For the adsorption—desorption experiments, 20 mg of adsorbent was added to 5 mL of 4 mg
mL~1 amaranth red, rhodamine B, and acid blue solutions and was allow to react with the
dyes for 48 h. The used adsorbents were regenerated by immersing them in ethanol for 4 h
to remove the dyes, followed by rinsing with ethanol and water several times and drying
under vacuum. The regenerated adsorbents were reused. The dye removal efficiency of
each adsorbent sample was determined using the initial adsorption capacity. After five
adsorption—desorption cycles the adsorption capacity (g (mg g~')) of each adsorbent for
the dyes was calculated as follows:

g (mg/g) = -V ©)

where C, and C. (mg L’l) are the initial and equilibrium concentrations of amaranth red,
rhodamine B, and acid blue in the aqueous solutions, respectively, V (L) is the volume of
the dye solution, and W (g) is the mass of the dry adsorbent.

3.4.2. Desorption Experiments

Specifically, the adsorbed nanofiber membranes were immersed in a mixture of ethanol:
water = 1:1 for 6 h, followed by washing with ethanol and water several times, and finally
the nanofiber membranes were immersed in methanol solution for 12 h, followed by
vacuum drying.

4. Conclusions

In summary, we developed a direct electrospinning method to prepare porous
MOEF/polymer NFMs. MIL-88A MOF particles were formed inside the PAN/PVP fibers in
situ during electrospinning, and the pMIL-88A /PAN NFM can be obtained after removing
PVP by ethanol and water washing. We demonstrated that the pMIL-88A /PAN NFM
achieved high dye removal efficiencies of 99.2, 94.4, and 99.8% for amaranth red, rho-
damine B, and acid blue, respectively. Moreover, the pMIL-88A /PAN NFM also presented
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high adsorption capacities, fast adsorption kinetics, and high cycling stabilities during
the processes of dye adsorption and removal. Our results demonstrated that the in situ
electrospun porous MOF/polymer NFMs present promising application potential in water
treatment for organic dyestuff removal.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules28020760/s1. The Supporting Information is
available free of charge at https://pubs.acs.org/. Preparations of pure MIL-88A powder, in situ
MIL-88A/PAN (iMIL-88A /PAN) and blended MIL-88A /PAN (bMIL-88A /PAN) NFMs; Figure S1:
SEM images of the PAN/PVP, pPAN; Figure S2: SEM images of the pMIL-88A /PAN NFMs; Figure S3:
EDS spectrum of pMIL-88A /PAN NFEM,; Figure S4: Pore size distributions; Figure S5: Dye removal
rates of pPAN NFM, pMIL-88A /PAN NFM, and pure MIL-88A; Figure S6: Adsorption isotherms
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Abstract: One way to exploit COj is to use it as a feedstock for the production of cyclic carbonates
via its reaction with organic epoxides. As far as we know, there is still no heterogeneous catalyst that
accelerates the reaction in a selective, efficient and industrially usable way. Cobalt and zinc-based
zeolitic imidazole frameworks (ZIFs) have been explored as heterogeneous catalysts for this reaction.
In particular, we have prepared ZIF-8 and ZIF-67 catalysts, which have been modified by partial
replacement of 2-methylimidazole by 1,2,4-triazole, in order to introduce uncoordinated nitrogen
groups with the metal. The catalysts have shown very good catalytic performance, within the best of
the heterogeneous catalysts tested in the cycloaddition of CO, with epichlorohydrin. The catalytic
activity is due ultimately to defects on the outer surface of the crystal, and varies in the order of
ZIF-67-m > ZIF-67 > ZiF-8-m = ZIF-8. Notably, reactions take place under mild reaction conditions
and without the use of co-catalysts.

Keywords: carbon dioxide; cyclic carbonates; epichlorohydrin; epoxides; heterogeneous catalysis; ZIFs

1. Introduction

Nowadays, one of the main environmental challenges is the reduction of the green-
house effect, caused by a reduction in the generation of certain gases (especially CO;). The
easiest way to reach this goal is to decrease the use of fossil fuels by substitution with
renewable energies, the use of more efficient engines, and hybrid or electric cars. Norway
is a paradigmatic country where electricity is practically obtained from renewable energies.
Different strategies have been proposed for CO, mitigation, perhaps the most effective so
far being to utilize CO; for the preparation of cyclic carbonates (and also at an industrial
level) through the cycloaddition of CO, with epoxides [1]. Obviously, the production of
cyclic carbonates and polycarbonates is very low compared to the global release of CO; to
the atmosphere, but it is an avenue for sequestering CO, that should be explored (since
apart from the current uses of polycarbonates, these could replace some of the plastics we
use today). The two most widely used polycarbonates are based on ethylene oxide and
propylene oxide, both of which are obtained from the petroleum industry (which is not a
renewable source). However, efforts are being made to find other routes for the production
of these precursors, such as those based on bioalcohols derived from biomass [2]. Limonene
oxide has also been described as an alternative epoxide, whose precursor monoterpene is
obtained from the citrus peel used in the production of juices [3]. Perhaps the most interest-
ing alternative is the use of glycerol as a precursor of glycidyl alcohol, which is a by-product
in the synthesis of biodiesel. However, to date, the results obtained from this approach have
not been very promising [4-6]. However, epichlorohydrin can be obtained from glycerol,
which is one of the most widely used epoxides to synthesize cyclic carbonates, at least at
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an academic level [7-10]. These types of reactions are catalyzed both under homogeneous
and heterogeneous conditions. In homogeneous catalysis, the most used catalysts are, for
example, quaternary ammonium salt halides (tetrabutylammonium halides, TBAX) and
imidazolium halides (with regards to Lewis-base homogeneous catalysis) [11,12]. In the
case of acid catalysis, metal porphyrins have been widely used [13,14]. The main problem
of homogeneous catalysis is the need to separate the catalyst from the products, something
that is usually carried out by distillation, which is a large energy-consumer purification
technique. In heterogeneous catalysis, one of the most used routes is the immobilization
of an active phase (Lewis base) on a support, such as MCM41 [15,16] or SBA-15 [17,18].
Concerning acidic sites, Cr-MIL-101 [19,20] is one of the most efficient catalysts, where the
metal loses two coordination water molecules when it is activated, forming what is called
the open metal site (Lewis acid character). However, it is known that both ZIF-8 and ZIF-67
are also catalytically active [21,22], which in principle should not be. These three latter
catalysts are MOFs (metal organic frameworks [23,24]), which are basically metallic nodes
or clusters linked through organic ligands, which generate a three-dimensional structure
with a high porosity that can exceed 4000 m?/g in some cases. The advantage of ZIFs
(zeolitic imidazolate framework), especially ZIF-8 and ZIF-67, over most MOFs is their
high thermal (>400 °C, air) and water vapor stability. In addition, at present, there are
already synthetic routes to MOFs that are found within the so-called ‘Green Chemistry’,
since their synthesis is carried out in an aqueous medium at moderate pH. ZIF-8 and
ZIF-67 are isostructural, the difference between them is that Zn?* is the cation in the first
case and Co?" in the second case. Unlike Cr-MIL-101, ZIF-8 and ZIF-67 are catalytically
active since ZIFs have some defects (that is to say, the metal node can have coordinatively
unsaturated sites displaying Lewis acid behavior) [25]. As the coordination is carried out
with the nitrogen atoms of 2-methylimidazole (linker), this implies that a possible adjacent
basic center could be generated. One of the possible strategies to improve the efficiency
of these ZIFs could be to search for synthetic routes that promote structural defects, or as
a more elegant approach, the partial substitution of 2-methylimidazole for a triazole to
significantly increase the number of basic sites.

In the present investigation, four catalysts have been synthesized (ZIF-8, ZIF-67,
ZIF-8-m and ZIF-67-m) where ‘m’ indicates that there has been a partial substitution of
2-methylimidazole for a 1,2,4-triazole, maintaining the ZIF structure. Their catalytic activity
has been compared in the reaction of CO, with epichlorohydrin to give the corresponding
cyclic carbonate (Scheme 1). The effect of the temperature, pressure, reaction time, and the
incorporation of TBAI as a cocatalyst have also been studied.

0]
talyst
0 catalys O//<O

CI\/A CO, (atm) C|\/1\/

Scheme 1. Reaction of fixation of CO; in epichlorohydrin to give 3-chloropropene carbonate.

2. Results and Discussion

Four catalysts have been prepared, which are in principle isostructural, something
that can be clearly seen in the diffractograms shown in Figure 1. The diffraction patterns
of ZIF-8 and ZIF-67 are exactly the same as those previously published. However, the
catalysts modified with 1,2,4-triazole present certain differences, especially ZIF-67, where
the peaks appear shifted and there is a variation in the relative intensity. This indicates
that the exchange of the ligands produces a change in the unit cell and a small loss of
crystallinity. It is important to remember that Zubieta and co-workers have carried out an
exhaustive study on the synthesis of MOFs [26,27] with bimetallic cations and 1,2,4-triazole,
and in no case they obtained an isostructural compound with ZIF-8. Thus, a topological
change could be induced if the degree of exchange is very high. In the case of ZIF-§, a
shift to larger angles is mainly observed, indicating that the structure is the same but, as
expected, the lattice parameters change since the ligand is slightly smaller.
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Figure 1. X-ray diffraction patterns of the four catalysts.

Figure 2 and Table 1 show the results of adsorption of the four catalysts. The surface
area does experience a great change, especially in ZIF-67, as the observed isotherm is
type Iin all cases, albeit ZIF-67-m seems to present a slight mesoporosity. But the most
remarkable thing is that the typical step at low relative pressures appears for all of these
catalysts, which is comparable to the fingerprint of these materials. In principle, it would
be expected that with such a drastic reduction in the area of ZIF-8-m and ZIF-67-m (60 and
50% respectively), the adsorption capacity of the catalysts should be less efficient, even
though the incorporation an extra N atom into the structure should favor the adsorption
of CO,. The CO, adsorption isotherms are very interesting: it can be seen that there is no
difference in the type of adsorption for ZIF-8 and modified ZIF-8, both cases being linear,
but the maximum adsorption capacity only decreases a 10%, while the decrease in the
surface area is a 40%.
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Figure 2. Adsorption isotherm of the four catalysts. (a) Ny at =196 °C; (b) CO, at 0 °C.

Table 1. Textural properties of the four catalysts obtained from N, adsorption.

Micropore Volume

2 3
Sample BET (m*/g) (cm/g) Pore Volume (cm®/g)
ZIF-8 1551 0.55 0.58
ZIF-8-m 942 0.35 0.37
ZIF-67 1833 0.70 0.72
ZIF-67-m 914 0.36 0.40

Much more notable is the case of ZIF-67, where the reduction in the CO, adsorption
capacity is only 10%, while that of the surface area is almost 60%, as mentioned above, and
now it is no longer linear but rather shows a greater affinity for CO, than in the case of
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the ZIF-67. The aforementioned shows that, in this case, there must be a change of greater
scope than just the replacement of the linkers.

A semi-quantitative determination of the degree of exchange can be carried out with
the TGA-MS technique. The protocol used was as follows. First, the catalyst was heated to
900 °C in an Ar atmosphere. Then, the sample was cooled to 50 °C and the process was
repeated, but this time in a 4:1 Ar/O, mixture. Air was not used to avoid overlapping of N;
signals with those of CO. In the first stage, a carbon material with a high nitrogen content
and the metal [11] was obtained; in the second stage, the carbon phase was eliminated and
the metal remained either as ZnO or as Co30y4, allowing us to approximately quantify how
much linker was exchanged. In the case of ZIF-67 (Figure A2) and ZIF-8, a single very
well-defined weight loss was observed around 600 °C, and the final mass of oxide allowed
us to identify that everything was correct (99% in both cases). This small difference can be
attributed to an error in the quantification, such as the presence in the sample of a small
amount of solvent, some defects, etc. Figure 3 shows the TGA-MS of the modified catalysts.
First of all, it should be noted that the TGA curves are more complex, basically observing
two zones, one at low temperature (300-400 °C) and another more irregular above 600 °C.
This indicates that the material is much less stable. In addition, it is observed by MS that
both linkers come out mainly at much lower temperatures than that of the unmodified
ZIFs, and that the weight loss is greater in the first stage (Ar), followed by a second weight
loss that can be attributed to the formation of a carbon material.
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Figure 3. TGA-MS of sample ZIF-67-m. (a) In Ar, where m/z 42 is related with the 1,2,4-triazole and
m/z 82 is related with 2-methylimidazole; (b) in 4:1 Ar:O,, where m/z 28 is CO, m/z 30 is NO, m/z 44 is
CO,, and m/z 46 is NO,.

In the second stage, we observed the combustion of the carbon material and the
oxidation of the metal. It is also notable that the C/N ratio decreases quite a bit based
on the ratio of the CO,/NO; areas, indicating that the formed carbon material contains a
higher N content, what is very interesting. Now the content of ZnO and CozQy is different.
If we assume that no other phase is being formed, we can deduce that the degree of
exchange is 25% in the case of ZIF-8 and 30% in the case of ZIF-67.

Figure 4 shows the XPS spectrum of the four catalysts developed; only the N signal is
shown since, in principle, it is the most relevant, while the metal spectra are shown in the
Appendix A (Figure A3). Before analyzing the spectra in detail, it must be noted that the
nitrogen-to-metal ratio increases with the modified catalysts (as expected). In principle,
the N atom not bound to N should give a different signal from that bound. It is clearly
observed that there is a use of the non-coordinated N signal. The presence of the said N in
the unchanged catalyst is indicative that there are defects in the coordination. In the case of
the ZIF-67-m, the largest signal may be indicative that there are a greater number of defects
or that a new phase is being formed where the coordination may be changing.
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Figure 4. XPS spectra of the four catalysts.

Figure 5 shows two electron micrographs of ZIF-67, where it can be seen that it has a
very regular distribution where crystals with a truncated octahedron shape predominate,
with an average size of about 400 nm. In the exchange process, no modification has been
observed in the microstructure or in the surface of the faces of the monocrystals.
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Figure 5. Secondary electron micrographs of ZIF-67.

In order to obtain the conversion of epichlorohydrin to 3-chloropropene carbonate,
the reaction products were analyzed by 'H NMR. Figure A1 shows the 'H-NMR spectra in
great detail, where it can be clearly seen that the only compounds appearing in the reaction
crude are the starting epichlorohydrin and its derived carbonate. Figure 6 shows the 'H
NMR spectrum of epichlorohydrin and a typical spectrum of one of the reaction-crude
aliquots after filtration. The fact that the spectra are very clean makes the quantification of
both compounds simple. Given that no other products have been detected in any of the
experiments carried out, the selectivity achieved is 100%.
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As indicated in the introduction, tetrabutylammonium halide salts are good homoge-
neous catalysts for the title reaction and, therefore, they can be also used as cocatalysts [28].
First of all, its effect and its obligatory presence in the reaction have been verified. As it
can be seen in Figure 7a, the presence of TBAI improves the catalytic results of ZIF-8, but
ZIF-8 itself already shows good catalytic behavior; that is why the use of TBAI was not
considered necessary.
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Figure 7. (a) Study of the effect of co-catalyst in the reaction of CO, with epichlorohydrin using
ZIF-8 as catalyst. Conditions: 97.8 mol.% of epichlorohydrin, 0.6 mol.% of ZIF-8, 1.4 mol.% of TBAI,
60 °C, 7 bar CO,. (b) Effect of the pressure in the catalytic reaction of cycloaddition of CO, with
two different catalysts (ZIF-8 and ZIF-67). Conditions: 99.4 mol.% of epichlorohydrin, 0.6 mol.%
of ZIF catalysts, 120 °C, 4 h. The conversion of epichlorohydrin was based on 'H-NMR results
(3-chloropropene carbonate was the only product).

The three main variables studied in the reaction are CO, pressure, time, and tem-
perature. First, the effect of pressure on the reaction was analyzed. The data obtained
are shown in Figure 7b. As expected, there is a rapid increase in the conversion with
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pressure, which becomes steady from 7 bars. Some authors [29] obtained similar results,
and commented that the conversion decreased drastically if the pressure was greater than
20 bars; we believe that this behavior maybe a consequence of the collapse of the MOF
structure.

The effect of the temperature is shown for ZIF-8-m, where a linear increase in conver-
sion with temperature can be seen, although it is usually exponential, which indicates that
there are other factors controlling the reaction rate.

Once the pressure and temperature were established, we analyzed the effect of time
(Figure 8b), where it is clearly observed that ZIF-67 is a better catalyst than ZIF-8, and
that the modified catalyst in the case of ZIF-67 does experience an improvement, while in
the case of the ZIF-8 it is not appreciable. Although, apparently, the improvement is not
substantial, in reality it is very remarkable since, if we take into account the decrease in the
volume of the micropores, the activity of the ZIF-67-m catalyst per unit area is 268% more
effective. This actually occurs since the extra N atom in the triazole is even more effective
than the other two nitrogen atoms coordinated to the metal, according to the mechanism
we have proposed.
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Figure 8. (a) Effect of the temperature in the catalytic cycloaddition of CO, with epichlorohydrin
using ZIF-8. Conditions: 99.4 mol.% of epichlorohydrin, 0.6 mol.% of ZIF catalysts, 7 bar CO,, 6 h.
(b) Catalytic reaction of cycloaddition of CO, with four different catalysts (ZIF-8, ZIF-8-m, ZIF-67 and
ZIF-67-m). Conditions: 99.4 mol.% of epichlorohydrin, 0.6 mol.% of ZIF catalysts, 7 bar CO,, 120 °C.
The conversion of epichlorohydrin was based on 'H-NMR results (3-chloropropene carbonate was
the only product).

Concerning the reaction mechanism, different reports describe how ZIF-67 and ZIF-8
materials can activate the epoxide and CO, towards the cycloaddition reaction (Figure 9a) [7,21].
It is generally assumed that the acidic and basic sites on the external surface and/or
structural defects can account for the catalysis [10,30]. The atmospheric moisture and
CO; can contribute to the formation of superficial OH and NH groups, together with
hydrogenocarbonates [31]. Although these groups might activate the epoxide by hydrogen
bonding [10], the presence of low-coordinated Co(IL III) ions is expected to exert a stronger
activating effect on the epoxide as Lewis acids. These kind of defects can leave free N atoms
in the 2-imidazolate ligands, which have been suggested to activate CO, by nucleophilic
attack on the carbon atom. Nucleophilic attack of the resulting species on the Co-activated
epoxide, followed by intramolecular cyclization, would give the corresponding cyclic
carbonate (Figure 9(b1)). In our opinion, the possibility of superficial OH activating CO,
must not be ruled out [10] (Figure 9(b2)). Indeed, coordination of the Lewis-acidic Co
ion to the pyrrolic nitrogen of 2-methylimidazole could have an electron withdrawing
effect on the heterocyclic ring, decreasing its nucleophilic character and, consequently, the
activation power of the free N atom on CO,, unless the 2-methyl and the metal-ligand
backbonding could compensate for this effect [32]. An additional decrease in the reactivity
of the imidazolate unit due to the steric effect of the 2-methyl group must not be disregarded.
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The possibility of a coordinated N atom to the metal (N-Co) activating CO, must be totally
discarded due to its depleted nucleophilic character and steric constraint.
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Figure 9. (a) Classical reaction mechanism for the cycloaddition of epichlorohydrin and CO; catalyzed
by ZIF-67. (b) Proposed reaction mechanism with ZIF-67 involving structural defects. (b1) CO,
activation by a partially coordinated 2-methylimidazole unit. (b2) CO, activation by a superficial
hydroxyl group.

As regards 1,2 4-triazole, different theoretical and experimental studies support that
the tautomeric form A predominates or is the exclusive one (Figure 10a) [33,34]. It shows
a decreased basicity (pKa 10.3) with respect to that of 2-methylimidazole (pKa 14.4) and
it is deactivated against electrophilic attack, thus resembling the electronic character of
pyridine [35]. We believe that the reduced basicity of 1,2,4-triazole favors the formation
of more defects when introduced into the structure of the ZIF (Figure 10b), increasing
the proportion of low-coordinated Co(ILIII) ions and improving the performance of the
catalyst (Figure 10b). The lack of nucleophilic character makes the activation of CO; by a
1,2,4-triazolate unit very improbable. However, an activation similar to that in Figure 9b
could take place, where two 2-methylimidazolate units could participate, one activating the
epoxide and the other one CO; (the latter through Co-OH species). However, if two vacants
are available on Co, activation of both CO; and the epoxide on the same site would be also
feasible (Figure 10c). This proposal is particularly interesting if we take into account that
the same Co site would put into spatial proximity both components, the epoxide and CO,.
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Figure 10. (a) Tautomeric forms of 1,2,4-triazole. (b) Proposed structural modification of ZIF-67
with 1,2,4-triazole. (c) Proposed reaction mechanism for the ZIF-67-m-catalyzed cycloaddition of
epichlorohydrin and CO,.

3. Materials and Methods

The synthesis of catalysts followed a procedure as reported elsewhere [36,37], in which
144 mmol of 2-methylimidazole were dissolved in 50 mL of deionized water and 12 mmol
of cobalt(Il) or zinc(II) acetate were dissolved in 25 mL of deionized water. Then, both
solutions were blended and stirred vigorously during 5 min and kept during 72 h at room
temperature; any of the MOF precipitates was separated by centrifugation and washed
thrice with MeOH. Finally, the MOF powder was dried for 24 h at 60 °C in a conventional
oven. All chemicals have been provided by Aldrich (analytical grade) and has been used
without further purification. Once the MOF was prepared, the partial transformation
of ZIF-8 or ZIF-67 into ZIF-8-m or ZIF-67-m has been accomplished following the next
procedure: 200 mg of ZIF were blended with 200 mg of 1,2,4-triazole; the blend was placed
in a vial, the vial was then flushed with N, and sealed with a silicone cap. The sealed vial
was placed in a pre-heated oven at 130 °C and kept in the oven for 8 h. After that, the vial
was broken and a solid was obtained. The solid was composed of ZIF-8-m or ZIF-67-m,
together with some impurities (i.e., unreacted linker). Purification was performed by
Soxhlet extraction, using acetone as a solvent for 24 h.

The porosity of the samples was characterized by means of nitrogen adsorption-
desorption isotherms and CO, adsorption isotherms. Samples were outgassed at 150 °C for
4 h prior to the adsorption measurements. The nitrogen adsorption-desorption isotherms
were measured at —196 °C in a Quadrawin (Quantachrome) device. Sggr was determined
from the N; adsorption branch. In all cases, the number of points used to apply the BET
equation was higher than 5, and the value of c was always positive. The CO, adsorption
isotherms were measured at 0 °C in the same device. Vyjicro Was estimated by the Dubinin-
Raduskevich method, with the objective to determine whether any diffusional restrictions
in the adsorption took place.

Crystallographic phases were identified by powder X-ray diffraction (PXRD), recorded
on a Brucker D8-Advanced diffractometer with a Goebel mirror and a Kristalloflex K 760-
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80F X-ray generation system (K-alfa, A = 1.54 A), fitted with a Cu cathode and a Ni filter.
Spectra were registered between 3° and 40° with a step of 0.05° and a step time of 3 s.

XPS measurements were acquired in a VG-Microtech Multilab device (VG-Microtech,
UK) with a Mg-Ka (Hv: 1253.6 eV) radiation source, pass energy of 50 eV and background
pressure of 5 x 1077 Pa. A careful deconvolution of the spectra was made; the areas of the
peaks were estimated by calculating the integral of each peak after subtracting a Shirley
background and fitting the experimental peak to a combination of Lorentzian/Gaussian
lines of 30/70 proportions.

The morphology of the samples was studied by Field Emission Scanning Electron
Microscopy with X-ray microanalysis (FESEM-EDS) (ZEISS-Merlin VP Compact, BRUKER-
Quantax 400) in both, Backscattered Electron (BSE) and Secondary Electron (SE) modes.

The characterization of the samples by means of TG-DTA-MS was carried out in a
TGA/SDTA851e/LF/1600 apparatus from Mettler Toledo, equipped with the Thermostar
GSD301T Pfeiffer mass spectrometer. The TG experiments were carried out in the dynamic
atmosphere of Ar (100 cm®/min), with a heating rate of 10 °C/min, while scanning masses
up to 200 amu.

Reactions were carried out in a stainless-steel HPM-Vivor autoclave (Premex Solutions
Gmbh); volume = 60 mL; Prax = 300 bar; Tmax = 200 °C. The epoxide (epichlorohydrin,
18.0 mmol), catalyst (0.108 mmol) and, in some experiments, quaternary ammonium salt
(TBAI, 0.288 mmol) were added to the reactor. The reactor was purged three times followed
by the introduction of CO; gas (1-9 bar,). The reaction mixture was stirred at 25-120 °C for
1-12 h. The resulting mixture was cooled to room temperature and collected in a vial to do
the analysis by 'H-NMR.

'H-NMR spectra were recorded on Bruker Avance 300 and 400 spectrometers (300 and
400 MHz, respectively); chemical shifts are shown in parts per million (8) and coupling
constants (J) in Hertz (Hz). The "TH-NMR conversions were determined from the reaction
crudes using mesitylene as an internal standard or the signal of the limiting reagent.
Samples (5-10 mg) were taken from the reaction crude after filtration through a pad
containing layers of Celite and MgSO,, and were diluted with CDCl3 (0.5 mL) as solvent.
The 'H-NMR spectra are shown in the Appendix A (Figure A1).

4. Conclusions

Four catalysts have been synthesized with the same structure based on ZIF-8, where
the metal Zn has been changed into Co to generate ZIF-67. The linker in ZIF-8 and ZIF-67,
2-methylimidazole, has been partially exchanged for 1,2,4-triazole, giving rise to ZIF-8-m
and ZIF-67-m. The degree of exchange is approximately 25% for both ZIFs. The exchanged
catalysts (ZIF-8-m, ZIF-67-m) show a BET area decrease between 40-60% while the CO,
adsorption capacity practically does not vary. An important fact is that Co?* is partially
oxidized to Co3*.

In the catalytic process, it has been found that the four catalysts are very active in
obtaining the cyclic carbonate derived from CO, and epichlorohydrin. It is noteworthy
that mild conditions have been applied and the use of cocatalysts has not been necessary.
The catalytic activity varies in the following order: ZIF-67-m > ZIF-67 > ZIF-8-m = ZIF-8.
The higher catalytic activity of the modified catalysts has been mechanistically rationalized
in terms of structural defects.
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Appendix A

Epichlorohydrin. 'H-NMR (300 MHz, CDCl3) & = 3.67-3.54 (m, 1H), 3.50-3.44 (m, 1H),
3.26-3.15 (m, 1H), 2.85 (dd, | =4.8, 3.9 Hz, 1H), 2.65 (dd, ] =4.8, 2.5 Hz, 1H).

4-(Chloromethyl)-1,3-dioxolan-2-one. 'H-NMR (300 MHz, CDCl3) § = 5.00-4.94 (m,
1H), 4.57 (dd, ] = 8.9, 8.3 Hz, 1H), 4.37 (dd, | = 8.9, 5.7 Hz, 1H), 3.82-3.77 (m, 1H), 3.72-3.65
(m, 1H).

g rallil- o T

-3

:m.l

T T

P

LRSI S S SUAE S S S i S B i B B S [ S B B S B S S S B B S B S S B S B S A S e
5.9 5.8 57 56 55 54 53 52 5.1 5.0 49 48 4.7 46 45 4.4 43 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 2.1 2

Figure Al. TH-NMR spectra of the reaction crude.
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Figure A2. TGA-MS of sample ZIF-67. (a) In Ar, where m/z 82 is related with the 2-methylimidazole;
(b) in 4:1 Ar:O,, where m/z 28 is related to CO, m/z 30 is NO, m/z 44 is CO,, and m/z is 46 NO,.
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Abstract: Tea contains high levels of the compound epigallocatechin gallate (EGCG). It is considered
an important functional component in tea and has anti-cancer, antioxidant, and anti-inflammatory
effects. The eight phenolic hydroxyl groups in EGCG’s chemical structure are the basis for EGCG’s
multiple biological effects. At the same time, it also leads to poor chemical stability, rendering EGCG
prone to oxidation and isomerization reactions that change its original structure and biological activity.
Learning how to maintain the activity of EGCG has become an important goal in understanding
the biological activity of EGCG and the research and development of tea-related products. Metal-
organic frameworks (MOFs) are porous materials with a three-dimensional network structure that are
composed of inorganic metals or metal clusters together with organic complexes. MOFs exploit the
porous nature of the material itself. When a drug is an appropriate size, it can be wrapped into the
pores by physical or chemical methods; this allows the drug to be released slowly, and MOFs can also
reduce drug toxicity. In this study, we used MOF Zn(BTC)4 materials to load EGCG and investigated
the sustained release effect of EGCG@MOF Zn(BTC)4 and the biological effects on wound healing in
a diabetic mouse model.

Keywords: EGCG; MOF; wound healing; diabetes

1. Introduction

Tea is one of the most popular drinks in the world—far exceeding beer, coffee, and
carbonated drinks— and is well known in the forms of green, black, or oolong tea. Among
these forms, green tea has had the most obvious impact on human health [1-4]. The
production of green tea is to cut, twist, and dry freshly picked young tea tree leaves to
produce a dry and stable product. The enzymes responsible for decomposing the pigments
in the young leaves are destroyed in the process of curing, so the leaves remain green
during the subsequent rolling and drying process. This production method preserves the
natural polyphenol content in tea, which are the compounds responsible for its biolog-
ical activity. Most green tea polyphenols (GTP) are flavonols, usually called catechins.
There are four main types of catechins in green tea: epicatechin (EC), epicatechin gallate
(ECG), epigallocatechin(EGC), and epigallocatechingallate (EGCG). The most abundant
is EGCG [5-7].

The ester compound synthesized by the combination of gallocatechol and gallic
acid is EGCG, which has a molecular weight of 453 kDa. EGCG is a four-ring structure
containing eight phenolic hydroxyl groups. These structural characteristics imbue strong
antioxidant properties. Studies have shown that EGCG can directly inhibit the expression
of inflammatory factors such as tumor necrosis factor (INF)-«, interleukin (IL)-6, and IL-1§3,
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thereby achieving anti-inflammatory effects. EGCG undergoes auto-oxidation to generate
hydrogen peroxide that has long-term antioxidant activity [8,9]. EGCG can combat the
harmful effects of many potentially pathogenic bacteria [10-12]. For example, EGCG is
very effective in inhibiting the growth of Staphylococcus aureus and methicillin-resistant
Staphylococcus aureus (MRSA) [13-15]. Among catechins, EGCG reacts effectively with
most ROS (reactive oxygen species). However, due to its unique chemical structure, EGCG
itself is also very unstable and is easily affected by factors such as temperature, metal ions,
enzymes, and pH. It is prone to oxidation and isomerization reactions, thereby changing its
original structure and biological activity.

At present, protein nanoparticles, polysaccharide nanoparticles, liposomes, etc., are
used as delivery bodies to encapsulate drugs, which can prevent the isomerization and
oxidation reaction of EGCG, improve its slow release and stability, and realize targeted
delivery, thus expanding the application range of EGCG. However, EGCG has poor lipid
solubility, resulting in poor permeability in cells and low absorption rate, resulting in a low
oral utilization rate of liposomes in clinical treatment. In addition, liposomes are easily
damaged by a weak acid environment and digestive enzymes in the process of digestion,
resulting in the leakage of the load. Therefore, liposomes as delivery carriers of EGCG still
need further research. The stability of EGCG-CS nanoparticles in the intestine was affected
by the porosity of polysaccharides, low embedding rate, and core material [16].

In recent years, porous materials have attracted much attention in the fields of ma-
terials, chemistry, physics, and others because of their simple preparation process, large
specific surface area, easy-to-optimize structure, and orderly porous structure. Metal-
organic frameworks (MOFs) are a new type of porous material that combines inorganic
and organic components through physical or chemical action. MOF materials not only
have a crystal structure similar to regular pores of zeolite molecular sieve but also have
a higher specific surface area than traditional porous materials such as polymer, an inor-
ganic polymer, and carbon-based materials. In addition, it contains organic components,
which makes its structure tailorable, designable, adjustable pore size, and functional pore
surface. MOF materials have a rich structure, and the hole size and type can be designed
according to project needs. MOFs could be used to develop slow-release drugs and even
address environmental pollution and energy issues [17,18].

MOF materials are prepared by mixing metal ions with organic complexes in a solvent,
heating the mixture to generate and grow crystal nuclei, and combining the metal ions
with small molecular substances in the solvent to form a competitive relationship with the
organic complexes. After washing and drying, the small molecules of the solvent can be
separated from the metal sites, thereby forming unsaturated metal sites, which enables
adsorption or catalysis. The MOF material itself has a porous structure. When the size
of the pores is larger than a drug, that drug can be loaded into the pore by physical or
chemical means. Once in a specific environment, the drug can be released slowly over time,
which can reduce drug toxicity and side effects.

MOF Zn(BTC), is a new MOF material synthesized by our research group. It was
chosen as a model MOF because its synthesis was simple and scalable, and the toxicity of
the ligand H3BTC was reported to be low [19].

The most serious complications of diabetes occur after long-term treatment. In clinical
research, the development of chronic inflammation is an important sign of spontaneous
diabetes. The level of inflammation is correlated with diabetes complications [20]. Slow
wound healing is one of the common characteristics of subjects with diabetes. Wounds in
these patients are difficult to heal due to chronic inflammation and high blood sugar [21].
The presence of chronic inflammation in diabetic wounds is manifested by an increase in
pro-inflammatory factors [22]. Compared with normal wounds, diabetic wounds exhibit
obvious high expression of inflammatory factors, including IL-13, TNF-«, and others [23].

EGCG itself has a strong anti-inflammatory effect and can promote wound healing in
diabetic mice [24]. However, because of the unsaturated bond in the structure of EGCG,
its chemical stability is poor, and the instability of EGCG also leads to a decrease in its
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bioavailability, which limits its application in the food and pharmaceutical industries.
Therefore, in this study, the streptozotocin (STZ)-induced diabetic mouse model was used
as the main research object to explore the effects of EGCG and EGCG@MOF Zn(BTC),
on wound healing in diabetic mice. We explored whether EGCG@MOF Zn(BTC)4 can
normally release EGCG, reduce its degradation rate, and prolong its biological effects [25].

2. Result and Discussion
2.1. General Information

The following materials were obtained from the indicated vendors: tribenzoic acid
(Shanghai Darui Fine Chemicals Co., Ltd. Shanghai, China), zinc nitrate (Aladdin), abso-
lute ethanol (Tianjin Fengchuan Chemical Reagent Technology Co., Ltd. Tianjin, China),
N,N-dimethylamide (Sinopharm Chemical Reagent Co., Ltd. Company, Shanghai, China),
methanol (Tianjin Fengchuan Chemical Reagent Technology Co., Ltd.), EGCG (purity above
98%) (Chengdu Purifa Technology Development Co., Ltd. Chengdu, China), RAW264.7
cells (Kunming Institute of Animal Cell Bank), lipopolysaccharide (Sigma), TNF-« kit (Bei-
jing Sizhengbai Biological Co., Ltd. Beijing, China), STZ (Sigma, St Louis, MO, USA), ICR
mice (Changzhou Cavens, Changzhou, China), sodium carboxymethyl cellulose (Aladdin),
Ma Song (Masson) Staining kit (Beijing Zhongshan Jinqiao Biotechnology Co., Ltd. Beijing,
China), IL-1f kit (Beijing Sizhengbai Biotechnology Co., Ltd. Beijing, China), and IL-6 kit
(Beijing Sizhengbai Biotechnology Co., Ltd. Beijing, China). The data for crystals were
collected on a Bruker APEX-II CCD diffractometer (MoKa, 11/4 0.71073 A) at 298(2) K.
Infrared spectra (KBr pellets) were taken on a Bruke Tensor 27 FTIR spectrometer in the
range of 4000-400 cm~!. Morphology was recorded on a FlexSEM 1000 scanning electron
microscope. Microscopic characterization was finished by Tianqing microscope (optical
magnification: 50 x-1000x, accuracy: 0.001 mm).

2.2. Synthesis of MOF Zn(BTC)y

Dissolve Zn(NO3),06H,0 in 60 mL of ultrapure water to yield a concentration of
6.7 mmol, stir it evenly, add methanol and trimesic acid on this basis, and finally heat it in
an oven at 100 °C for 24 h. After the heating process is over, the oven is kept closed until
the temperature is naturally cooled down to room temperature. The cooled sample was
filtered; cleaned; and dried under vacuum at 60 °C to obtain white, rectangular, powdery
crystals. Finally, the sample was collected, sealed, and stored for later use.

2.3. Preparation of EGCG@MOF

Weigh 20 mg of MOF Zn(BTC), into a 2 mL Eppendorf (EP) tube, add 1 mL of
140 mg/mL EGCG solution, mix well, place in a shaker at 4 °C, and rotate slowly for
12 days. Afterward, take out the EP tube and centrifuge at 4 °C, 4500 r/min for 10 min,
discard the supernatant as much as possible, add 2 mL of absolute ethanol to resuspend
EGCG@MOF, repeat the centrifugation twice, discard both supernatants, and wash it as
much as possible to remove the remaining EGCG on the surface of the MOFE. Add 1 mL
of anhydrous ethanol-water solution to the EP tube, place it in a freezer at —80 °C until
frozen, then place it in a freeze dryer to produce dry EGCG@MOF powder.

2.4. Detection of Drug Loading of EGCG@MOF

Accurately weigh the mass of EGCG@MOF in the EP tube, add 1 mL of acidified
phosphate-buffered saline (PBS) solution to resuspend it, and place it in a 37 °C water
bath for ultrasound for 1 h to completely release the EGCG in the MOF. Filter it with
a 0.45 um pore size filter, use high-performance liquid chromatography (HPLC) to detect
the concentration of EGCG, and calculate the drug loading amount of EGCG for the MOF.
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2.5. HPLC Detection of EGCG Concentration

A sample filtered through a 0.45 um pore was used to determine the EGCG con-
tent in the sample using HPLC. The platform was equipped with G1311B Quat pump
(1 mL per minute), G1329B autosampler, G1316A TCC column oven (40 °C), and G1314F
ultraviolet detector (280 nm) (Agilent 1260 series HPLC system, Agilent, Santa Clara,
CA, USA). The sample volume was 10 pL, and the HPLC experiment was controlled
with 1260LC Agilent ChemStation software (Agilent Technologies). A C18 ODS column
(ZORBAX SB-C18 4.6 mm 250 mm, 5 um, Agilent) was used to complete the separation.
The mobile phases used in the HPLC analysis were solvents A (100% acetonitrile) and B
(0.03% trifluoroacetic acid), which were filtered through a 0.45 um filter. Within 25 min,
mobile phase A increased from 10% to 60%.

2.6. Cell Processing and Grouping

RAW264.7 cells were digested, counted with a cell counter, and inoculated with 10 mL
of culture medium at the number of five million cells per plate. Then the plates were put
in a 37 °C incubator for 24 h. Afterward, the culture medium was discarded, the cells
were washed once with PBS, and serum-free high-glycemic culture medium was added for
starvation conditions and cultured overnight.

After overnight starvation, the cells were given fresh serum-free medium, and all
EGCG@MOF Zn(BTC)4 groups were added according to the release concentration of EGCG
to a final concentration of 10 pg/mL and placed in a 37 °C incubator for 30 min. The dosage
of the MOF Zn(BTC)4 group was added according to EGCG@MOF Zn(BTC)4 group. After
30 min, lipopolysaccharide (LPS) solution with a concentration of 200 EU/mL was added
to the culture medium, and the plates were placed in a carbon dioxide incubator at 37 °C
for another 3 h and 30 min before collecting the cell supernatant and extracting the protein.
There were five groups of cells used in the experiments: Control, LPS, MOF Zn(BTC)4,
EGCG@MOF Zn(BTC)4, and LPS+EGCG@MOF Zn(BTC),.

2.7. Establishment of Diabetic Mouse Model

All ICR mice fasted for 15 h with free access to water. The mice were then weighed
using an electronic scale, the average weight was calculated, and the cages were randomly
divided according to the rules of consistent weight average. According to our preliminary
studies and reference to other experimental methods, a 1% STZ solution was prepared
for intraperitoneal injection of ICR mice at a dose of 100 mg/kg. The injected mice were
placed back into the cage, allowed to eat and drink freely, and raised normally. Their
blood glucose levels were tested once a week for 14 days. Reaching a blood glucose level
>20 mmol/L and then maintaining it for more than 2 weeks was considered a successful
model for diabetic mice.

2.8. Establishment of a Wound Healing Model

The successful ICR diabetic mouse model and normal ICR mice were used as the
research objects for the skin wound model. After using an electric razor to completely
shave the dorsal fur, a depilatory cream was applied to completely remove the remaining
hair. After rinsing off the depilatory cream with warm water, the skin was dried with
absorbent paper, and the mice were placed back in the cage under a warm lamp. Because
the depilatory cream can irritate mouse skin of the mice, the wounds were made the
next day.

The mice were anesthetized by inhaling ether from their mouths. The dorsal area was
washed with 75% ethanol, and an 8 mm biopsy device was used to remove a piece of skin
on the left and right sides of the mouse’s back. A steel ruler was used as an indicator to
mark the areas, treat the wounds with the compounds, and determine how photos were
taken for the experimental records.
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2.9. Wound Healing Experiment Grouping and Treatment

There were five experimental groups: normal, diabetes, MOF Zn(BTC);, EGCG@MOF
Zn(BTC)4, and EGCG. The normal group consisted of control ICR mice, and the other
four groups were randomly divided diabetic model mice (7 mice/group). All mice were
reared under the same environmental conditions with ad libitum access to food and water.
All wound model mouse dressings are prepared with 1% carboxymethyl cellulose (CMC)
solution. Diabetic and normal mice were treated with 1% CMC solution as a placebo. Mice
in the EGCG@MOF Zn(BTC)4 group were treated with EGCG@MOF Zn(BTC)4 dressings
with an EGCG concentration of 20 pg/mL. The amount of MOF Zn(BTC), groups added
is equivalent to EGCG@MOF Zn(BTC)4 group addition amount. The mice in the EGCG
group were treated with 20 pg/mL EGCG.

The drugs in all treatment groups were given once every 4 days. The experimental pe-
riod was 15 days. All treatments were given at 10 a.m., and the wounds were photographed
and measured every day. The images were analyzed Image] software (National Institutes
of Health) to measure wounds, and these data were used to calculate the healing rate and
determine if there were significant differences between the different treatment groups.

The wound healing rate was calculated as: 1-wound area on day n(1,2,3 ... )/initial
wound area.

2.10. Wound Sampling Treatment

Depending on the results of the wound healing experiment in mice, different time
points were selected for tissue extraction with an 8 mm biopsy sampler. After tissue
collection, the samples were washed in cold PBS to remove blood, dried with filter paper to
remove surface water, and then half were placed in formalin for at least 24 h. The other half
were placed in liquid nitrogen for quick freezing, and then transferred to an —80 °C freezer
for storage until subsequent experiments. Mouse skin tissue preserved in liquid nitrogen is
used for enzyme-linked immunosorbent assay to detect related inflammatory factors.

3. Results and discussion
3.1. Structural Characterization of MOF Zn(BTC)y

The structure of MOF Zn(BTC)4 was characterized by crystal diffraction. The crys-
tallographic data of MOF Zn(BTC), are listed in Table 1, and the selected bond lengths
and angles are listed in Table 2. Figure 1 respectively shows the SBU image and 3D frame
structure of this crystal.

Table 1. Crystal data of MOF Zn(BTC)y.

Empirical Formula C36H24024Zn 4 4
Formula weight 809.67 p/nm~1 1.403
Size/mm 0.17 x 0.15 x 0.10 Dc/(mg.cm*3) 1.449
0 rang for data collection/(°) 2.894 to 26.085 F(000) 808
Crystal system Monoclinic Reflections collected 9040
Space group P2(1)/n V/nm?3 1795.7(2)

a/A 9.5077(5) Goodness of fit on F? 1.010
b/A 16.3950(16) R1,wRy(I > 20(I) 0.0456, 0.1080
c/A 11.6119(9) R1,wRj;(all data) 0.0683,0.1172
«/(°) 90.00 Apmax(eA~3) 0.797
B/(®) 97.2200(10) Apmin(eA~3) —0.544
v/(°) 90.00
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Table 2. Selected bond lengths(A) and angles(°) for MOF Zn(BTC)y.

Zn1 05 1.939(3) Zn1 03 1.939(3) Zn1 02 1.967(3)
Zn1 01 1.972(3)

05 Zn1 03 125.79(12) 05 Zn1 02 94.56(12)

03 Zn1 02 113.35(14) 05 Zn1 O1 109.99(12)

03 Zn1 O1 99.47(12) 02 Zn1 O1 114.57(12)

Figure 1. SBU image and 3D framework of MOF Zn(BTC)y.
CCDC: 1539458 for compound 1.

3.2. Load Capacity of MOF Zn(BTC)4 to Hold EGCG

Due to MOF’s dual characteristics of high drug loading and controllable drug release,
it has quickly become a research hotspot. Studies have shown that a small amount of
mesoporous MOFs can carry a large drug load, and MOFs with larger pore diameters
have more application value [26]. Multi-level MOFs with micropores, mesopores, and
macropores can simultaneously carry out drug molecules of different sizes [27].

We first determined the peak of EGCG as a reference standard with HPLC, and the
peak time of EGCG was 9.910 min (Figure 2A). After soaking MOF Zn(BTC), in 50 mg/mL
EGCG solution, the sample was rotated on a shaker at 4 °C for 8 days, then centrifuged
twice at 4 °C with absolute ethanol to clean the surface of MOF from residual EGCG,
and then ethanol was used to resuspend in an aqueous solution prior to freeze-drying to
produce MOF material loaded with EGCG. The loaded EGCG@MOF was added to PBS and
ultrasonicated at 37 °C for 1 h to completely release the EGCG in the MOF material. After
filtration, the EGCG content was detected by HPLC. As shown in Figure 2B, the EGCG
peak existed in the liquid phase spectrum of MOF Zn(BTC), at 9.856 min, indicating that
MOF Zn(BTC)4 can load EGCG. Under these conditions, EGCG@MOF Zn(BTC), loading
was 56.247 mg/g.
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Figure 2. HPLC(High Performance Liquid Chromatography) detection of EGCG. (A) HPLC spectrum
of EGCG standard; (B) MOF Zn(BTC),4 loading of EGCG.

Next, we optimized EGCG loading into MOF Zn(BTC),4 to EGCG. To increase drug
loading, we performed a time course experiment. We weighed several pieces of 20 mg of
MOF Zn(BTC), into a 2 mL EP tube, added 1 mL of 50 mg/mL EGCG, mixed it upside
down, placed it in a 4 °C shaker, and rotated it slowly. Every two days, one piece was
removed, centrifuged, washed to remove surface EGCG, then frozen and dried to obtain
MOF Zn(BTC)4-EGCG. Next, 1 mL PBS was added before ultrasonication for 1 h. The
resulting solution was filtered prior to HPLC detection of EGCG to calculate the amount of
EGCG that can be loaded by MOF Zn(BTC),. The amount of EGCG loaded in EGCG@MOF
Zn(BTC), increased with time and reached the maximum on the 12th day (Figure 3). The
highest loading amount of EGCG in EGCG@MOF Zn(BTC), reached 94.134 mg/g on
day 12 and then decreased, which means that EGCG@MOF Zn(BTC), loaded with EGCG
gradually accumulated with the increase in time, when the cumulative EGCG reached the
maximum, the loaded EGCG will fall off and then eventually re-accumulate. Therefore, the
amount of EGCG in MOF Zn(BTC)4-EGCG will fluctuate within a certain range.
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Figure 3. Optimizing MOF Zn(BTC)4-EGCG loading. (A) The loading capacity of MOF Zn(BTC),4
on EGCG over time; (B) The influence of different EGCG concentrations on EGCG@MOF Zn(BTC),
loading capacity.

To further increase the loading capacity of EGCG@MOF Zn(BTC)4, we prepared dif-
ferent concentrations of EGCG (20, 30, 40, ... , 200 mg/mL) for EGCG@MOF Zn(BTC)4
loading. Briefly, we weighed 20 mg of EGCG@MOF Zn(BTC), into a 2 mL EP tube, added
1 mL of EGCG of different concentrations, and placed the tubes on a shaker at 4 °C with
slow rotation for 12 days. They were then centrifuged to wash away residual EGCG on
the surface of EGCG@MOF Zn(BTC)y, followed by freezing and freeze-drying to obtain
EGCG@MOF Zn(BTC)4. As described above, 1 mL PBS was added prior to 1 h ultra-
sonication. After filtering the solution, HPLC was performed to detect the concentration
of EGCG and the amount of EGCG loaded in MOF Zn(BTC)4. The amount of EGCG
loaded in EGCG@MOF Zn(BTC), varied with EGCG concentration (Figure 3B). When
the EGCG concentration was 140 mg/mL, EGCG@MOF Zn(BTC), reached a maximum
of 236.227 mg/g.

3.3. Chemical Characterization of MOF Zn(BTC)s and EGCG@MOF Zn(BTC)y

We observed MOF Zn(BTC)4 and EGCG@MOF Zn(BTC), powder grossly and micro-
scopically and analyzed the morphological changes of the MOF Zn(BTC)4 powder after
loading EGCG.

In Figure 4A, the left and right sides show MOF Zn(BTC); and EGCG@MOF Zn(BTC),4
powder, respectively. MOF Zn(BTC), is a white powdery solid, while MOF Zn(BTC); is
soaked in an EGCG solution and then freeze-dried. The color becomes slightly yellow after
this process. MOF Zn(BTC), itself is relatively finely broken and loose, and the powder
form is an acicular solid when observed by the naked eye. When piled together, it appears
relatively dense, while MOF Zn(BTC), is soaked in EGCG solution. The color turns to
pale yellow, the powder state has been destroyed, and the needle-like shape observed
with the naked eye becomes more finely broken. When piled together, it appears fluffy;
when packed in an EP tube, it is prone to hang on the walls of the tube. Figure 4B shows
microscope images of the MOF Zn(BTC)4 and EGCG@MOF Zn(BTC), powders on the
left and right, respectively. The MOF Zn(BTC), powder is clearly visible and relatively
dispersed with a fusiform structure. After filling the MOF Zn(BTC), powder with EGCG
and then freeze-drying, the original fusiform structure of MOF Zn(BTC),4, becomes more
finely fragmented and is easier to pile together. The solid materials are crushed and easily
accumulate with obvious adhesion.
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(A)

(B)

Figure 4. Characterization of MOF Zn(BTC); and EGCG@MOF Zn(BTC),. (A) Gross images of MOF
Zn(BTC)4 and EGCG@MOF Zn(BTC)y; (B) Microscope images of MOF Zn(BTC), and EGCG@MOF
Zn(BTC)4 (40 ).

The infrared (IR) spectrum analysis comparison of EGCG@MOF Zn(BTC)4 and MOF
Zn(BTC)y is shown in Figure 5A. The vibration peaks at 3387 cm ™!, 1619 cm~?, 1557 cm !,
1443 cm~ !, 1372 ecm ™1, 761 em !, and 721 cm ™! did not change. However, compared with
the absorption peak at 1110 cm ! in the MOF Zn(BTC), spectrum, new absorption peaks
appeared at 1127 em~1, 1145cm~1, and 1059 cm ™! in the EGCG@MOF Zn(BTC), spectrum.
This may be the stretching vibration generated by the C-O single bond in EGCG. These
new absorption peaks likely appeared because introducing EGCG into MOF Zn(BTC),4
changed the IR spectrum.

MOF Zn(BTC)4 and EGCG@MOF Zn(BTC), morphologies were assessed by scanning
electron microscopy (SEM) at different magnifications (Figure 5B). MOF Zn(BTC), crystals
had a massive appearance, while the EGCG@MOF Zn(BTC), crystal was more finely
fragmented. After filling with EGCG, the structure, size, and crystal arrangement of MOF
Zn(BTC)4 were altered to certain degrees. As shown in the X-ray diffraction (XRD), results
of MOF Zn(BTC)4 and EGCG@MOF Zn(BTC)4 were also compared (Figure 5C). When
MOF Zn(BTC), was filled with EGCG, the intensities of some characteristic peaks of MOF
Zn(BTC)4 changed significantly, but the peak shapes of MOF Zn(BTC), were basically the
same. After loading, the skeleton structure of MOF Zn(BTC), was basically maintained.

PBS was used to prepare 0.5 mg/mL EGCG that was distributed into several 2 mL EP
tubes, then 1 mL EGCG solution was added to each EP tube, and PBS was used to prepare
0.5 mg/mL EGCG@MOF Zn(BTC), according to the EGCG concentration. Next, 1 mL of
EGCG@MOF Zn(BTC), solution was dispensed into several 2 mL EP tubes, the tubes were
placed in a 37 °C drying oven, and 1 EP tube per group was removed every hour for 12 h.
After that, one EP tube was taken out every 2 h for each group. Following filtration, the
concentration of EGCG was detected by HPLC (Figure 6). The concentration of EGCG
gradually decreased over time. At 24 h, EGCG has basically been completely degraded
at a very fast rate. Conversely, EGCG@MOF Zn(BTC), can gradually release EGCG and
maintain the concentration within a certain range. The concentration of EGCG released by
EGCG@MOF Zn(BTC), also increased as a whole. It gradually decreased over time but
to a much smaller degree than EGCG. At 120 h, the concentration of EGCG released by
EGCG@MOF Zn(BTC), was still maintained at 0.27 mg/mL.

117



Molecules 2022, 27, 5427

At 10 h, the concentration of EGCG released by EGCG@MOF Zn(BTC), was 0.38 mg/mL,
and the concentration of EGCG alone was 0.27 mg/mL. At 20 h, the corresponding values
were 0.49 and 0.13 mg/mL. At 26, 28, and 30 h, the contents of EGCG fluctuated because of
the difference in the content of EGCG@MOF Zn(BTC), in each EP tube. It can be clearly
seen from the figure that the concentration of EGCG decreased linearly with time in both
groups, but MOF Zn(BTC), can stabilize the concentration of EGCG to a certain extent and
slow its degradation. This may be due to the existence of pores in MOF Zn(BTC), itself,
which protects EGCG to a certain extent. Based on these results, we can conclude that
EGCG@MOF Zn(BTC)4 can slow down the degradation rate of EGCG, thereby prolonging

its action time.
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Figure 5. Comparison of MOF Zn(BTC); and EGCG@MOF Zn(BTC),, (A) IR spectroscopy analysis
of MOF Zn(BTC)4 and EGCG@MOF Zn(BTC)y; (B) Scanning electron microscopy (SEM) of MOF

Zn(BTC)4 and EGCG@MOF Zn(BTC)y4; (C) X-ray diffraction (XRD) analysis of MOF Zn(BTC), and
EGCG@MOF Zn(BTC),.

118



Molecules 2022, 27, 5427

120h MOF sustained release

EGCG concentration mg/mL
>

Time /h
Figure 6. EGCG@MOF Zn(BTC), slows EGCG degradation.

3.4. Research on Anti-Inflammatory Effects of EGCG@MOF Zn(BTC)y Targeting the Notch
Signaling Pathway

The inflammatory response produced by macrophages can be attenuated by regulating
Notch signaling, which further regulates the state of macrophages. Researchers have shown
that blocking Notch1 protein production can reduce the activation level of macrophages [28].
We performed western blotting (WB) to detect the effect of EGCG on Notch protein secretion
after 30 min and 3 h to assess whether EGCG can inhibit macrophage secretion of Notch-
related proteins.

After LPS stimulation, the expression level of Notch1 protein expressed in macrophages
did not increase significantly (Figure 7A). However, the amounts of Notchl protein ex-
pressed in the EGCG@MOF Zn(BTC)4+LPS and EGCG@MOF Zn(BTC)4 groups were
significantly lower than the control group after 3 h. The results indicate that EGCG@MOF
Zn(BTC), can inhibit the expression of Notchl protein over time, but there was no obvious
change after 30 min.

Notch2 protein expression in macrophages was significantly increased after LPS
stimulation at 30 min and 3 h stimulation. After 30 min incubation with EGCG@MOF
Zn(BTC)4, Notch2 protein levels were not dramatically changed, but they were significantly
reduced after 3 h stimulation. Macrophages treated with EGCG@MOF Zn(BTC)4+LPS had
higher Notch2 protein levels than those treated with EGCG@MOF Zn(BTC)4, indicating
that EGCG@MOF Zn(BTC),4 can dampen inflammation in macrophages over time.
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Figure 7. Effect of EGCGMOF Zn(BTC)4 on Notch protein expression and inflammatory factors in
macrophages. (A) Effect of EGCG@MOF Zn(BTC), on Notch protein expression at different time
points; (B) Effect of EGCG@MOF Zn(BTC), on Notch protein expression at different time points;
(C) Effect of EGCG@MOF Zn(BTC)4 on inflammatory factor levels.

To further illustrate the effect of EGCG@MOF Zn(BTC)4 on Notch signaling, we once
again used WB to detect the effect of EGCG@MOF Zn(BTC)4 on Notch signaling pathway-
related proteins at 30 min and 3 h. After 30 min of LPS treatment, Cleaved-Notch1 levels
increased; it can be clearly seen that after treatment with EGCG@MOF Zn(BTC)y, the
expression levels of Cleaved-Notchl and Hesl proteins in macrophages were significantly
reduced (Figure 7B). EGCG@MOF Zn(BTC)4 had a significant inhibitory effect on Cleaved-
Notchl and Hesl1 protein levels. When comparing the 30 min and 3 h timepoints, Hes1
protein levels increased with time. Moreover, after EGCG@MOF Zn(BTC), treatment, Hes1
protein expression after 3 h was significantly lower than in the 30 min treatment group. This
also shows that EGCG@MOF Zn(BTC), can reduce the inflammation state of macrophages.
Again, this was time-dependent.
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Collectively, these results demonstrate that EGCG@MOF Zn(BTC)4 can reduce the
inflammatory response of macrophages caused by the Notch signaling pathway by reducing
Notch protein secretion. This shows that EGCG@MOF Zn(BTC), can facilitate the anti-
inflammatory effect of EGCG.

After 3 h LPS (200 EU/mL) stimulation of mouse RAW264.7 macrophages, the cell su-
pernatants of each group were collected, and the inflammatory factor TNF-a was detected.
The results showed that TNF-« expression increased compared with the control group
(Figure 4). After a 30 min treatment with EGCG@MOF Zn(BTC),, LPS-induced TNF-« se-
cretion by macrophages was significantly reduced. This shows that EGCG@MOF Zn(BTC),4
can effectively reduce the expression of inflammatory factors in mouse macrophages.

3.5. EGCG@MOF Zn(BTC)y Improved the Stability of EGCG Action

Establishing an animal model of diabetes is important for investigating diabetes and
related complications. Common diabetes models include high-fat diet-induced, obesity-
induced (ob/ob food-induced), genotype (db/db), and pharmacologically induced. Dia-
betes models successfully induced by drugs have the advantages of stability and fast mod-
eling, so they are widely used in numerous studies of diabetes and its complications [29].
The ICR mouse is commonly used as an animal research object in the study of diabetes
and its complications [30]. Here we injected ICR mice with STZ and performed continuous
blood glucose testing to confirm the successful establishment of diabetic mice that were
used in wound model experiments.

Studies have shown that EGCG can reduce inflammation in cells and tissues, sug-
gesting that EGCG exerts anti-inflammatory effects [31]. In order to clarify whether
EGCG@MOF Zn(BTC)4 can improve EGCG stability and allow it to reduce inflamma-
tion, wounds were made on the dorsal skin of diabetic mice, and EGCG@MOF Zn(BTC), or
EGCG were applied once every four days. Images and measurements were taken daily to
observe the effects of EGCG@MOF Zn(BTC)4 and EGCG on wound healing in diabetic mice.

Wound healing evolution is shown in Figure 8A. To better explore the effects of
EGCG@MOF Zn(BTC)4, we generated a line chart of the wound non-healing rate.
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Figure 8. Wound healing and the broken line chart of the wound non-healing rate. (A) Wound condi-
tions at different time points with treatment every 4 days; (B) Wound non-healing rate in the normal
and model groups; (C) Wound non-healing rate, normal group vs. MOF Zn(BTC)y4, p < 0.05; MOF
Zn(BTC),4 vs. EGCG@MOF Zn(BTC)y, p < 0.05,B and C respectively indicate the arrogance between
different groups.

Compared with the model group, normal mice showed significant differences on days
three to nine (Figure 8B). At these time points, the proportions of unhealed wound area
in normal mice were 50.5%, 43.41%, 35.96%, 31.05%, 26.56%, 23.01%, and 17.88%. The
wound non-healing rates of diabetic mice were significantly higher than that of normal
mice at 85.35%, 73.59%, 60.87%, 52.52%, 40%, 29.86%, and 24.7%. This shows that inducing
experimental diabetes can indeed slow down the rate of wound healing,.

EGCG@MOF Zn(BTC)4 and EGCG were applied on the first day and every four days
thereafter. Figure 8B shows that treatment groups showed significant differences on days
four to nine. EGCG@MOF Zn(BTC)4 more obviously improved wound healing in diabetic
mice. This suggests that EGCG@MOF Zn(BTC)4 can improve the stability of EGCG. At
these time points, the non-healing rates of the EGCG@MOF Zn(BTC), treatment group
were 51.63%, 42.12%, 32.52%, 25.04%, 22.82%, and 18.06%, which were close to the healing
rate of the normal group. The non-healing rates of the wounds in the EGCG-treated group
were 79.27%, 67.62%, 53.27%, 46.67%, 39.92%, and 34.93%, which were similar to those of
mice in the model group.

Compared with the Normal group, the MOF Zn(BTC), group showed significant
differences on days three to eight (Figure 8C). At these time points, the unhealed wound
areas in MOF Zn(BTC)4-treated mice were 85.38%, 72.08%, 68.37%, 56.94%, and 42.22%,
respectively. The diabetic mouse wound model did not differ significantly from the model
group after applying MOF Zn(BTC)y, but the results were significantly different from those
in the Normal group. This shows that MOF Zn(BTC),4 alone does not significantly promote
wound healing in mice. Compared with the EGCG@MOF Zn(BTC),4 group, mice treated
with MOF Zn(BTC), also showed a significant difference on days three to eight. This
indicates that it is the EGCG residing in EGCG@MOF Zn(BTC), that promotes wound
healing. The slow-release effect promotes anti-inflammatory effects and wound healing
in diabetic mice. These results suggest that EGCG@MOF Zn(BTC), improves the stability
of EGCG.
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3.6. EGCG@MOF Zn(BTC)y Promotes Skin Wound Healing in Diabetic Mice

Wound healing is a complex process that is influenced by many cytokines. Inflamma-
tion is the main factor that slows diabetic wound healing [29], which is also hindered by
abnormal cellular responses. To investigate the effect of cytokines on wound healing in
diabetic mice, we measured some of the cytokines released from the wound sites during the
healing process. Researchers have shown that secretion of the inflammatory factor IL-1(3 is
clearly related to slow wound healing. Reducing the release of IL-1f protein in tissue can
accelerate the healing speed of diabetic wounds [31]. The pro-inflammatory factor IL-6 is
also an important factor in this process.

Enzyme-linked immunosorbent assays were used to detect IL-13 and IL-6 in the
wound skin tissue of diabetic mice on day nine (Figure 9).
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Figure 9. Expression of inflammatory factors IL-1 and IL-6 in wound tissue.

Compared with the normal group, levels of IL-1f3 released in the wounds of the
diabetic model mice were increased, indicating a greater degree of inflammation. IL-13
levels in the MOF Zn(BTC), and model groups were similar, suggesting that MOF Zn(BTC),4
itself cannot produce an anti-inflammatory effect. After EGCG@MOF Zn(BTC), treatment,
the release of IL-1pwas significantly reduced in diabetic mice; it was almost as low as
that measured in the normal group, and it was significantly lower than that of mice in the
EGCG group. Again, this indicates that MOF Zn(BTC)4 improves the stability of EGCG.
Compared with normal skin tissue, the release level of the pro-inflammatory factor IL-6
was significantly increased in diabetic wound tissue, and the results were similar to those
of IL-163. Overall, wounds of diabetic mice treated with EGCG@MOF Zn(BTC)4 showed
obviously lower expression of inflammatory factors.

To further observe the effect of EGCG@MOF Zn(BTC), on skin wound healing in dia-
betic mice, we performed hematoxylin and eosin (H&E) staining to detect re-epithelialization.
To investigate if slow wound healing in diabetic mice was improved by EGCG@MOF
Zn(BTC), treatment on a microscopic level, skin wound tissues were collected on day nine
for paraffin sectioning and conventional H&E. The differences in tissue re-epithelization
are shown in Figure 10. The results indicate that EGCG@MOF Zn(BTC),; promotes wound
healing in diabetic mice.
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Normal Diabetes MOF Zn(BTC),

Figure 10. Tissue morphology in skin wounds.

The non-epithelialized area of skin tissue in the normal group was significantly
reduced compared with the model group, and it was clearly observed whether there
was a completely healed area in the model group of mice. The MOF Zn(BTC), group
did not have significant differences compared with the model group, and EGCG-treated
mice did not show a significant improvement in re-epithelialization. The EGCG@MOF
Zn(BTC)4 treatment group and EGCG treatment. The mice in the group are close to the re-
epithelialization of the skin tissue of the model group. This shows that the administration
of EGCG alone every four days does not improve wound healing in diabetic mouse models.

Compared with the model and EGCG treatment groups, re-epithelialization was
significantly improved in the EGCGgMOF Zn(BTC), treatment group and was close to that
of the normal group. Compared with the EGCG alone, EGCG@MOF Zn(BTC), treatment
significantly improves the re-epithelialization of skin wound tissue in diabetic mice. This
again supports the hypothesis that EGCG@MOF Zn(BTC)4 can improve EGCG stability.

Extracellular matrix (ECM) is a macromolecular substance synthesized by cells in the
dermis. It is distributed between cells or on their surfaces, where it plays an indispensable
role in wound healing. ECM components mainly include proteoglycans, proteins, and
polysaccharides, and collagen is an important component and marker of ECM. The sub-
stances in ECM form a complex network structure that supports and connects the tissue
structure, regulates tissue development, and impacts the physiological activities of cells.
ECM formation is an important physiological reaction in the process of wound healing,
and a higher level of ECM formation can promote skin wound healing. As chronic diabetic
wounds heal, different types of infiltrating cells appear at the skin wound site, which
reduces ECM formation and slows wound healing [32].

Researchers have shown that decreased collagen deposition will slow down the rate of
wound healing [33]. To observe new ECM formation and assess the effect of EGCGgMOF
Zn(BTC),4 treatment, we used Masson’s trichrome staining to observe collagen deposition
levels on day nine of wound healing (Figure 11).
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MOF Zn(BTC)4 EGCG@MOF Zn(BTC)4

Figure 11. Collagen deposition.

Masson staining showed that collagen deposition (blue area) in the wounds of the
diabetes model group was significantly lower than that of the normal group. Compared
with the model group, the MOF Zn(BTC), group did not show significant differences, and
the mice in the EGCG treatment group did not show a significant improvement in collagen
deposition. The mice in the MOF Zn(BTC)4 and EGCG groups had collagen deposition
similar to the model group. This suggests that EGCG administration every four days does
not improve wound healing in a diabetic mouse model.

Compared with the model and EGCG treatments, collagen deposition was significantly
improved in the EGCG@MOF Zn(BTC), treatment group, with similar re-epithelialization
as observed in the normal group. These results indicate that EGCG@MOF Zn(BTC)4
can increase collagen deposition in skin wounds of diabetic mice compared with EGCG
treatment alone, thus significantly improving ECM formation. This also indicates that
EGCG@MOF Zn(BTC)4 can improve the stability of EGCG for treatment purposes.

4. Conclusions

Our results demonstrate that MOF Zn(BTC),4 can be loaded with EGCG. After opti-
mizing the loading conditions, each gram of MOF Zn(BTC), can be loaded with 236.227 mg
EGCG. Chemical characterization of MOF Zn(BTC), using IR spectroscopy showed that a
new absorption peak appeared after adding EGCG. XRD analysis confirmed that the skele-
ton structure of MOF Zn(BTC), filled with EGCG is basically maintained, and EGCG@MOF
Zn(BTC)4 can slowly release EGCG, which reduces the degradation rate of EGCG. By slowly
releasing EGCG, EGCG@MOF Zn(BTC)4 can reduce the expression of related inflammatory
factors and significantly inhibit the inflammatory response in LPS-induced macrophages.
In addition, EGCG@MOF Zn(BTC)4 can significantly inhibit the expression of proteins
related to the Notch signaling pathway and reduce the expression of inflammatory TNF-«.
Wound healing experiments in diabetic mice revealed that adding EGCG to MOF Zn(BTC),
can slow down the degradation rate of EGCG, enabling slower release and prolonging
the time for EGCG to function. EGCG@MOF Zn(BTC), treatment can significantly reduce
inflammation in the skin wound tissue of diabetic mice. Compared with the skin wound
tissue of control diabetic mice, the re-epithelialization and collagen accumulation levels of
the EGCG group were significantly increased. Collectively, the results demonstrate that
EGCG@MOF Zn(BTC)4 has the ability to release EGCG slowly, which slows its degradation
and prolongs its action time.

Although MOFs have many significant advantages, there are still many challenges
in clinical application. Compared with other nanocarriers, the development of MOFs as
drug carriers is still in its infancy. Many problems need further optimization and research,
such as the toxicity of metal ions, the degradability of MOFs, and the improvement of the
biocompatibility of MOFs with the body. However, we have reason to believe that MOFs
will have broad development prospects in the future.

125



Molecules 2022, 27, 5427

Author Contributions: Data curation, J.Y., X.L. and S.L. (Senlin Li); Formal analysis, ].Y. and S.W.;
Funding acquisition, S.L. (Song Li); Methodology, S.L. (Song Li) and ].S.; Project administration, J.Y.;
Software, Q.Z. and X.W.; Writing—review & editing, S.L. (Song Li) and X.L. All authors have read
and agreed to the published version of the manuscript.

Funding: The National Natural Science Foundation of China/Regional Science Foundation Project
funded this research. Grant number No.21965038 and Applied Basic Research Program of Yunnan
Province/General Projects of Basic Research. Grant number No.2019FB024.

Institutional Review Board Statement: Yunnan Agricultural University.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

Sample Availability: Samples of the compounds MOF Zn(BTC), are available from the authors.

References

1. Toniolo, A.; Buccellati, C.; Pinna, C.; Gaion, RM.; Sala, A.; Bolego, C. Cyclooxygenase-1 and Prostacyclin Production by
Endothelial Cells in the Presence of Mild Oxidative Stress. PLoS ONE 2013, 8, €56683. [CrossRef] [PubMed]

2. Amarajothi, D.; Li, Z.; Hermenegildo, G. Catalysis and photocatalysis by metal organic frameworks. Chem. Soc. Rev. 2018,
47,8134-8172.

3. An, BJ.; Kwak, ].H.; Son, J.H.; Park, ].M.; Lee, ].Y.; Jo, C.; Byun, M.W. Biological and anti-microbial activity of irradiated green tea
polyphenols. Food Chem. 2004, 88, 549-555. [CrossRef]

4. Chen, J.; Abazari, R.; Adegoke, K.A.; Maxakato, N.W.; Bello, O.S.; Tahir, M.; Zhou, Y. Metal-organic frameworks and derived
materials as photocatalysts for water splitting and carbon dioxide reduction. Coord. Chem. Rev. 2022, 469, 214664. [CrossRef]

5. Artavanistsakonas, S.; Delidakis, C.; Fehon, R.G. The Notch Locus and the Cell Biology of Neuroblast Segregation. Annu. Rev.
Cell Biol. 1991, 7, 427-452. [CrossRef] [PubMed]

6.  Cabrera, C; Artacho, R.; Giménez, R. Beneficial effects of green tea—A review. J. Am. Coll. Nutr. 2006, 25, 79-99. [CrossRef] [PubMed]

7. Abazari, R.; Amani-Ghadim, A.R.; Slawin, A.M.; Carpenter-Warren, C.L.; Kirillov, A.M. Non-Calcined Layer-Pillared
Mn0.5Zn0.5 Bimetallic-Organic Framework as a Promising Electrocatalyst for Oxygen Evolution Reaction. Inorg. Chem. 2022,
61,9514-9522. [CrossRef]

8.  Cabrera, C.; Giménez, R.; Lopez, M. Determination of Tea Components with Antioxidant Activity. J. Agric. Food Chem. 2003, 51,
4427-4435. [CrossRef]

9. Pan, Y, Abazari, R; Yao, J.; Gao, J. Recent progress in 2D metal-organic framework photocatalysts: Synthesis, photocatalytic
mechanism and applications. J. Phys. Energy 2021, 3, 032010. [CrossRef]

10. Chakrawarti, L.; Agrawal, R.; Dang, S.; Gupta, S.; Gabrani, R. Therapeutic effects of EGCG: A patent review. Expert Opin. Ther. Pat.
2016, 26, 907-916. [CrossRef]

11. Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860-867. [CrossRef] [PubMed]

12.  Luo, X.; Abazari, R.; Tahir, M.; Fan, W.K.; Kumar, A.; Kalhorizadeh, T.; Kirillov, A.M.; Amani-Ghadim, A.R.; Chen, J.; Zhou, Y.
Trimetallic metal-organic frameworks and derived materials for environmental remediation and electrochemical energy storage
and conversion. Coord. Chem. Rev. 2022, 461, 214505. [CrossRef]

13.  Dekel, Y.; Glucksam, Y.; Elron-Gross, I.; Margalit, R. Insights into modeling streptozotocin-induced diabetes in ICR mice. Lab Anim.
2009, 38, 55. [CrossRef] [PubMed]

14. Giniger, E. Notch signaling and neural connectivity. Curr. Opin. Genet. Dev. 2012, 22, 339-346. [CrossRef]

15. Kalhorizadeh, T.; Dahrazma, B.; Zarghami, R.; Mirzababaei, S.; Kirillov, A.M.; Abazari, R. Quick removal of metronidazole from
aqueous solutions using metal-organic frameworks. New J. Chem. 2022, 46, 9440-9450. [CrossRef]

16. Abazari, R,; Sanati, S.; Morsali, A. Mixed Metal Fe;Ni MIL-88B Metal-Organic Frameworks Decorated on Reduced Graphene
Oxide as a Robust and Highly Efficient Electrocatalyst for Alkaline Water Oxidation. Inorg. Chem. 2022, 61, 3396-3405. [CrossRef]

17. Horcajada, P; Serre, C.; Vallet-Regi, M.; Sebban, M.; Taulelle, F.; Férey, G. Metal-Organic Frameworks as Efficient Materials for
Drug Delivery. Angew. Chem. Int. Ed. 2006, 118, 6120-6124. [CrossRef]

18. Xie, H.; Sun, J.; Chen, Y;; Zong, M.; Li, S.; Wang, Y. EGCG Attenuates Uric Acid-Induced Inflammatory and Oxidative Stress
Responses by Medicating the NOTCH Pathway. Oxidative Med. Cell. Longev. 2015, 2015, 1-10. [CrossRef]

19. Kopan, R.; Ilagan, M. The Canonical Notch Signaling Pathway: Unfolding the Activation Mechanism. Cell 2009, 137,
216-233. [CrossRef]

20. Li, B.; Wen, H.-M.; Cui, Y.; Zhou, W.; Qian, G.; Chen, B. Emerging Multifunctional Metal-Organic Framework Materials.
Adv. Mater. 2016, 28, 8819-8860. [CrossRef]

21. Li, W.-J,; Tu, M,; Cao, R; Fischer, R.A. Metal-organic framework thin films: Electrochemical fabrication techniques and
corresponding applications & perspectives. J. Mater. Chem. A 2016, 4, 12356-12369.

22. Mendez, J].D.; Ramos, H.G. Animal Models in Diabetes Research. Arch. Med. Res. 1994, 25, 367. [PubMed]

126



Molecules 2022, 27, 5427

23.

24.

25.
26.

27.

28.

29.

30.
31.
32.

33.

Mirza, R.E.; Fang, M.M.; Ennis, W.].; Koh, T.]. Blocking interleukin-1f3 induces a healing-associated wound macrophage phenotype
and improves healing in type 2 diabetes. Diabetes 2013, 62, 2579-2587. [CrossRef] [PubMed]

Abu-Dief, A M.; Alrashedee, EM.; Emran, K.M.; Al-Abdulkarim, H.A. Development of some magnetic metal-organic framework
nano composites for pharmaceutical applications. Inorg. Chem. Commun. 2022, 138, 109251. [CrossRef]

Morain, W.D.; Colen, L.B. Wound healing in diabetes mellitus. Clin. Plast. Surg. 1990, 17, 493. [CrossRef]

Pernot, L.; Frénois, F; Rybkine, T.; L'Hermite, G.; Petrella, S.; Delettré, J.; Sougakoff, W. Crystal structures of the class D
beta-lactamase OXA-13 in the native form and in complex with meropenem. J. Mol. Biol. 2001, 310, 859-874. [CrossRef]
Portera, C.A.; Love, E.J.; Memore, L.; Zhang, L.; Miiller, A.; Browder, W.; Williams, D.L. Effect of macrophage stimulation on
collagen biosynthesis in the healing wound. Am. Surg. 1997, 63, 125-131.

Pullikotil, P,; Chen, H.; Muniyappa, R.; Greenberg, C.C.; Yang, S.; Reiter, C.E.; Lee, ].-W.; Chung, ].H.; Quon, M.]. Epigallocatechin
gallate induces expression of heme oxygenase-1 in endothelial cells via p38 MAPK and Nrf-2 that suppresses proinflammatory
actions of TNF-«. |. Nutr. Biochem. 2012, 23, 1134-1145. [CrossRef]

Syed, D.N.; Afaq, F.; Kweon, M.H.; Hadi, N.; Bhatia, N.; Spiegelman, V.S.; Mukhtar, H. Green tea polyphenol EGCG suppresses
cigarette smoke condensate-induced NF-kappaB activation in normal human bronchial epithelial cells. Oncogene 2007, 26,
673-682. [CrossRef]

Wellen, K.E.; Hotamisligil, G.S. Inflammation, stress, and diabetes. J. Clin. Investig. 2005. [CrossRef]

Zhang, W.; Xu, W.; Xiong, S. Blockade of Notch1 Signaling Alleviates Murine Lupus via Blunting Macrophage Activation and
M2b Polarization. |. Immunol. 2010, 184, 6465-6478. [CrossRef] [PubMed]

Zhou, D.; Huang, C; Lin, Z.; Zhan, S.; Kong, L.; Fang, C.; Li, ]. Macrophage polarization and function with emphasis on the
evolving roles of coordinated regulation of cellular signaling pathways. Cell. Signal. 2014, 26, 192-197. [CrossRef] [PubMed]
Zscheck, K.K.; Murray, B.E. Genes involved in the regulation of beta-lactamase production in enterococci and staphylococci.
Antimicrob. Agents Chemother. 1993, 37, 1966-1970. [CrossRef] [PubMed]

127



molecules m\py

Atrticle
Cooling Capacity Test for MIL-101(Cr)/CaCl, for
Adsorption Refrigeration System

Zhongbao Liu '*, Banghua Zhao !, Yong Huang 2, Xin Qi ® and Fengfei Lou !

1 Department of Refrigeration and Cryogenic Engineering, College of Environmental and Energy Engineering,

Beijing University of Technology, 100 Pingleyuan Road, Chaoyang, Beijing 100124, China;
zhaobanghua@emails.bjut.edu.cn (B.Z.); loufengfei@emails.bjut.edu.cn (FL.)
2 Suzhou Sujing Anfa Air Conditioning Co. LTD, 2 Weixin Road, Suzhou Industrial Park, Suzhou 215112,
China; HY@aimfar.com.cn
China Household Electric Appliance Research Institute, 6 Yuetan beixiao Str, Xicheng, Beijing 100037, China;
qix@cheari.com
*  Correspondence: liuzhongbao@bjut.edu.cn; Tel./Fax: +86-010-67391613

Academic Editors: Victoria Samanidou and Eleni Deliyanni
Received: 7 August 2020; Accepted: 26 August 2020; Published: 31 August 2020

Abstract: An MIL-101(Cr) powder material was successfully prepared using the hydrothermal
synthesis method, and then the original MIL-101(Cr) was combined with different mass fractions of
CaCl, using the immersion method to obtain a MIL-101(Cr)/CaCl, composite material. The physical
properties of the adsorbent were determined by X-ray powder diffraction (XRD), an N2 adsorption
desorption isotherm test, and thermogravimetric analysis (TG). The water vapor adsorption
performance of the metal-organic frameworks MOFs was tested with a gravimetric water
vapor adsorption instrument to analyze its water vapor adsorption mechanism. Based on the
SIMULINK platform in the MATLAB software, a simulation model of the coefficient of performance
(COP) and cooling capacity of the adsorption refrigeration system was established, and the
variation trends of the COP and cooling capacity of the adsorption refrigeration system under
different evaporation/condensation/adsorption/desorption temperatures was theoretically studied.
MIL101-(Cr)/CaCl,-20% was selected as the adsorption material in the adsorption refrigeration system
through the physical characterization of composite materials with different CaCl, concentrations by
means of adsorption water vapor test experiments. A closed adsorption system performance test
device was built based on the liquid level method. The cooling power per unit and adsorbent mass
(COP and SCP) of the system were tested at different evaporation temperatures (288 K/293 K/298 K);
the adsorption temperature was 298 K, the condensation temperature was 308 K, and the desorption
temperature was 353 K. The experimental results showed that COP and SCP increased with the
increase in the evaporation temperature. When the evaporation temperature was 298 K, the level
of COP was 0.172, and the level of SCP was 136.9 W/kg. The COP and SCP of the system were
tested at different adsorption temperatures (293 K/298 K/303 K); the evaporation temperature
was 288 K, the condensation temperature was 308 K, and the desorption temperature was 353 K.
The experimental results showed that the levels of COP and SCP decreased with the increase in the
adsorption temperature. When the adsorption temperature was 293 K, the level of COP was 0.18,
and the level of SCP was 142.4 W/kg.

Keywords: MIL-101(Cr)/CaCl,-20%; composite materials; modeling and simulation; adsorption
performance
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1. Introduction

Adsorption refrigeration is an environmentally friendly refrigeration method.
Adsorption refrigerators can use natural working fluids as refrigerants and have zero Ozone
Depletion Potential (ODP), which has attracted widespread attention in recent years. Low-temperature
heat-driven environmentally friendly adsorption refrigeration systems are becoming a viable alternative
to electric-driven vapor compression refrigeration systems. The low cooling capacity of the technology
hinders its successful commercialization [1-3].

At present, there are two main ways to improve the performance of an adsorption refrigeration
system. One is to optimize the circulation of the system, and the other is to improve the adsorption
performance of the working medium [4]. Metal-organic frameworks (MOFs) are a new type of solid
adsorbent with a high specific surface area (4000 m?-g~!) and porosity, which have broad application
prospects in TDCs or adsorption heat pumps (AHPs) [5]. The following is a review of the literature
on adsorption refrigeration studies using metal-organic frameworks (MOFs) as adsorbents. Xia [6]
synthesized three Zr-MOFs with different pore sizes: UiO-66, UiO-67 and NU-1000, and determined
their adsorption isotherms to water and ethanol. The cooling power per unit (COP) of MOF/water
and MOF/ethanol were studied by adsorption system model. The results showed that the COP of
MOEF/water was generally higher than that of MOF/ethanol, but the performance of MOF/ethanol was
better than that of MOF/water. Ehrenman [7] tested the water absorption capacity and cyclic stability
of the high-porosity metallic organic framework material MIL-101 (3D-[Cr3F(H,0),O(bdc)3-25H,0]) at
25 °C. An N adsorption isotherm showed that, after 20 adsorption and desorption cycles, the specific
surface area of the Brunauer-Emmett-Teller (BET) of MIL-101(Cr) decreased from 2059 m?/g to
2047 m?/g, and its water absorption capacity decreased by 1.9%. Ahmed Rezk [8] studied the water
absorption properties of six different MOF materials (Cu-BTC, Fe-BTC, MIL-53, Birm-1, Birm-1-K and
Birm-1-Li). The results show that the surface areas of Cu-BTC and Fe-BTC materials are 2100 m?/g and
1600 m?/g, respectively, which have the highest water absorption performance. Ahmed Rezk [9] also
reported the isothermal adsorption properties of six different MOF materials (MIL-101(Cr), MIL-100
(Cr), MIL-53 (Cr), CPO-27-Ni, Cu-BTC, Fe-BTC) and silica gel to ethanol. The adsorption isotherms
of various adsorbents were measured at 25 °C; the results showed that MIL-101(Cr) was superior
to other adsorbents in ethanol adsorption. The stability of MIL-101(Cr)/ethanol in 20 consecutive
adsorption—desorption cycles was also studied; the results show that the working pair has good
stability. Baosheng Shi [10] compared the adsorption properties of silica gels RD-2060, SAPO-34
and CPO-27 (Ni). Under the condition of 0.1 relative humidity, the water vapor absorption rate of
CPO-27 (Ni) was 0.41 kg/kg, 86.3% higher than SAPO-34, and 7 times higher than RD-2060. Teo [11]
modified MIL-101(Cr) with 5%, 20% and 40% alkali metal ions (Li*, Na*, K¥), respectively, to test the
properties of MOF materials after modification. Garzon-tovar [12] synthesized a new solid composite
adsorbent by combining metal organic framework UiO-66 and hygroscopic salt CaCl, through spray
drying, improving the water absorption capacity of the original material. At the same time, composite
adsorption and materials were applied in an adsorption refrigeration system, and the results showed
that the SCP was 631 W/kg and the COP was 0.83. Jian Yan [13] developed a new composite material
(MIL-101@GO) for adsorption heat pump (AHPs). The steam adsorption isotherm and adsorption
kinetics of the composite materials were determined by the weight method. The results showed that
MIL-101@GO has a super high water vapor adsorption capacity, and its adsorption capacity can reach
1.58 g/g. Six consecutive adsorption cycle experiments showed that the synthesized MIL-101@GO has
good reversibility and stability for water vapor adsorption.

Calcium chloride is a very hygroscopic salt, it has a strong affinity for water. It has been reported
in the literature that when salt is combined with activated carbon, silica gel, zeolite and other porous
materials (matrix) to form a composite material, its performance is significantly improved. Aristov [14]
discusses a silica gel/CaCl, composite material called a selective water absorber (SWS-1L) in which the
enhanced water vapor capacity increases in COP from 0.48 to 0.7 at the desorption temperature of
90 °C, evaporation temperature of 5 °C, and condensation temperature and adsorption temperature of
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40 °C. Wang [15] combined activated carbon fiber felts (ACF FELT) with 30% calcium chloride, and the
water adsorption capacity reached 1.7 gH?0/gads
compound of silica gel and calcium chloride. Chan [16] soaked zeolite 13X in 46% CaCl, solution,
and the adsorption capacity increased by 0.4 gH?©/g29s at 25 and 75 °C and 870 Pa.

In this paper, MIL-101(Cr)/CaCl, composite materials with different CaCl, concentrations
(10%, 20%, 30%) were prepared by the dipping method. Through physical characterization and
water vapor adsorption performance experiments, MIL-101(Cr)/CaCly-20%/water was selected as

the pair of working media for the adsorption refrigeration system to test the system performance at

, higher than activated carbon, silica gel and even the

different evaporation/adsorption temperatures.
2. Results

2.1. XRD Analysis

Figure 1 shows the XRD spectra of MIL-101(Cr)/CaCl, composites. It can be seen from the figure
that the main characteristic diffraction peaks of MIL-101(Cr) samples appear at 20 = 3.42°, 5.98°, 8.56°,
9.18°,10.30° and 16.54°, and the position of the diffraction peak is very consistent with the report [15].
The MIL-101(Cr)/CaCl, composite has the same diffraction peak as the original MIL-101(Cr), indicating
that MIL-101(Cr) is still the main component of the MIL-101(Cr)/CaCl, composite. In addition, we can
also find that the peak of XRD diffraction gradually decreases with the increase in CaCl, content,
because the disordered hydrated salt molecules are filled into the mesopores of MIL-101(Cr) with the
increase in CaCl, content [17].

! M_ MIL-101(C)/CaCl,-30%
W e
w MIL-101(Cr)/CaCly-20%
NN AS e )
?, MIL-101(Cr)/CaCly-10%
2
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Figure 1. XRD pattern of MIL-101(Cr) and composites.

2.2. TG Analysis

The thermogravimetric results for MIL-101(Cr)/CaCl, composites are shown in Figure 2.
The weightlessness of the material mainly goes through two stages. As the temperature rises to
100 °C, the water in MIL-101(Cr) dissipates, and the weight loss in the first stage is caused by the loss
of calcium chloride in the composite. At 300 °C, MIL-101(Cr) began to lose the crystal water in the
structure, and by 400 °C, the framework was decomposed. The structure of the composite material
was destroyed at 450 °C, which was delayed by 50 °C compared with MIL-101(Cr).
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Figure 2. Thermogravimetric TG curve of MIL-101(Cr) and composites.

2.3. N, Adsorption—Desorption Isotherms and Pore Size Analysis

Figure 3 shows the N; adsorption and desorption isotherms for the MIL-101(Cr)/CaCl, composites.
According to the classification of the BET adsorption isotherm curve and type-II adsorption—-desorption
isotherms, in the low pressure stage (p = 0-0.2/pp), the nitrogen adsorption quantity displays sharp
growth, proving that it contains a certain amount of microporous materials. At a relative pressure
of about 0.2, the material adsorbed a second time, indicating that the experimentally synthesized
material contained two different cage structures [18]. The adsorption capacity in the middle section
of the curve (p/py = 0.2-0.9) increased slowly with the increase in pressure. In the second half of the
curve (p/pg = 0.9-1.0), the adsorption line rose sharply and did not show adsorption saturation until
the vapor pressure was close to saturation, indicating that the sample contained a certain amount of

mesoporous and macroporous bulk filling due to capillary condensation.
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Figure 3. Nitrogen adsorption—-desorption isotherms of MIL-101(Cr) and composites.

Figure 4 shows the pore size distribution of MIL-101(Cr) and MIL-101(Cr)/CaCl, composites. It can
be seen from the figure that the MIL-101(Cr)/CaCl, composite pore diameters are mainly distributed
at 0.86 nm, 1.19 nm and 2.32 nm. Table 1 lists the pore structure parameters of the MIL-101(Cr) and
MIL-101(Cr)/CaCl, composites. With the increase in CaCl, addition, the specific surface area, total

Relative pressure P/P,
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pore volume and pore size distribution of microporous mesopores of MIL-101(Cr)/CaCl, composites
decreased gradually. This is because the added CaCl, molecules occupy part of the pores of the
MIL-101(Cr) material. For MIL-101(Cr)/CaCl,-30%, the BET specific surface area and total pore volume
were only 193 m?/g and 0.071 cm3/g, which indicates that the CaCl, molecule almost completely
blocked the pores of MIL-101(Cr).

MIL-101(Cr)/CaCly-30%

16

MIL-101(Cr)/CaCly-20% MIL-101(Cr)/CaCly-20%

MIL-101(Cr)/CaCly-10%

i MIL-101(Cr)/CaCl-10%
3k
6
2 b
4
2 '
MIL-101(Cr) MIL-101(Cr)
L L
2

L L L L L L
0.6 0.8 1.0 12 1.4 1.6 1.8
Pore diameter (nm)

(a) (b)

Figure 4. Pore diameter distribution of MIL-101(Cr) and MIL-101(Cr)/CaCl, composites: (a) micropore,
(b) mesoporous.

dv/dD
dv/dD
IS

Pore diameter (nm)

Table 1. Pore structure parameters of MIL-101(Cr) and composite materials.

Sample BET Specific Surface Area (m?/g)  Pore Diameter (cm?/g)
MIL-101(Cr) 2824 1.362
MIL-101(Cr)/CaCl,-10% 1977 0.745
MIL-101(Cr)/CaCl,-20% 1307 0.509
MIL-101(Cr)/CaCl,-30% 193 0.071

2.4. Water Vapor Adsorption Isotherms

It can be seen from Figure 5 that the MIL-101(Cr)/CaCl,-10% adsorption isotherm line type is
almost the same as the MIL-101(Cr) line type. The adsorption isotherms of MIL-101(Cr)/CaCly-20%
and MIL-101(Cr)/CaCl,-30% showed obvious changes, and the equilibrium adsorption capacity
was higher than that of the original MIL-101(Cr). As can be seen from the adsorption isotherm,
water absorbing capacity of calcium chloride itself leads to the low pressure area which in the
water vapor adsorption experiment showed higher adsorption performance, the relative pressure
adsorption amount compared with the original start going down after 0.4. This is due to the good
water absorption characteristics of calcium chloride. The specific surface area of the material
gradually became dominant; the specific surface area of the composites compared with MIL-101
decreased, so the relative pressure was greater than 0.4 after the adsorption performance was reduced.
In particular, the MIL-101(Cr)/CaCl,-20% and MIL-101(Cr)/CaCl,-30% composite materials had a
higher water adsorption capacity and equilibrium adsorption capacity than the original MIL-101(Cr)
at low pressure. Therefore, the MIL-101(Cr)/CaCl,-20% and MIL-101(Cr)/CaCl;-30% materials are
very attractive adsorbent materials for use in adsorption refrigeration applications. Although the
equilibrium water adsorption capacity of the MIL-101(Cr)/CaCl,-30% composite adsorbent is high,
it becomes agglomerated after water absorption continues to agglomerate after repeated drying,
which significantly affects the material’s adsorption capacity and limits its use in adsorption refrigeration
applications. In summary, the MIL-101(Cr)/CaCl,-20% composite material was selected for its
adsorption refrigeration performance.
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Figure 5. Water sorption isotherms of MIL-101(Cr) andMIL-101(Cr)/CaCl, composites at 298 K.

2.5. Analysis of the Simulation Results

2.5.1. Effect of Different Desorption Temperatures on System Cooling Capacity and COP

The effect of the desorption temperature Ty, on cooling capacity and COP is shown in Figure 6.
It can be seen from the figure that the cooling capacity of the system increased with the increase in
the desorption temperature. The total cycle time was 9000 s. From the COP, there was an optimal
desorption temperature. When T = 288 K, T, = 308 K, Tap = 298 K, the optimal desorption temperature
was 351 K. At this time, the system cooling capacity was 118 k] and the COP was 0.24. Before the
optimum desorption temperature, the COP value increased with the desorption temperature in a certain
temperature range. The higher the desorption temperature, the more water vapor is desorbed from the
adsorption bed, so the more water vapor is adsorbed by the material. The more the corresponding
cooling capacity, the greater the amount of cooling. However, when the desorption temperature
exceeds the optimum desorption temperature, the COP decreases as the desorption temperature
increases because the desorption temperature increases and the heat consumed by the system cycle
also increases, causing the COP to decrease.
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Figure 6. Effect of desorption temperature on refrigeration capacity and coefficient of
performance (COP).
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2.5.2. Effect of Different Condensation Temperatures on System Cooling Capacity and COP

Calculation parameters: T. = 288 K, T, = 298 K, Ty =353 K. The effect of condensation
temperature Tc on cooling capacity and COP is shown in Figure 7. It can be seen from the figure
that as the condensing temperature increases, the cooling capacity and COP of the system decrease.
When T. = 313 K, the cooling capacity was 10.04 W and the COP was 0.17. This is because the
condensation temperature is not conducive to the condensation of the refrigerant vapor, reducing
the desorption amount of the refrigerant, thereby reducing the COP of the system. At the same time,
the adsorption delay occurs when the condensation temperature rises, so that the adsorption amount
decreases, causing the cooling capacity to decrease accordingly. It can be seen from the above law
that reducing the condensation temperature of the adsorption refrigeration system can improve the
performance of the system.
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Figure 7. Effect of condensation temperature on refrigeration capacity and COP.

2.5.3. Effects of Different Adsorption Temperatures on Cooling Capacity and COP of the System

Calculation parameters: Te = 288 K, T, = 308 K, Ty = 353 K. The effect of condensation
temperature T,, on cooling capacity and COP is shown in Figure 8. It can be seen from the figure
that as the adsorption temperature increases, the cooling capacity and COP of the system decrease.
The adsorption temperature increases, so that the difference between the adsorption temperature and
the initial adsorption temperature decreases, and then the cyclic adsorption amount also decreases,
eventually leading to a decrease in system COP. When Te =288 K, T, =308 K, Ty =353K, and T, =308K,
the minimum cooling capacity and COP were 8.81 W and 0.15, respectively.
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Figure 8. Effect of adsorption temperature on refrigeration capacity and COP.
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2.5.4. Effects of Different Evaporation Temperatures on Cooling Capacity and COP of the System

Calculation parameters: T, =298 K, Tc =308 K, Tgp = 353 K. The effect of evaporation temperature
(Te) on the cooling capacity and COP is shown in Figure 9. It can be seen from the figure that the
system’s cooling capacity and coefficient of performance COP both increase with the increase in the
evaporation temperature. When the evaporation temperature increased from 288 K to 303 K, the cooling
capacity and COP—initially 8.81 W and 0.15—increased to 16 W and 0.28. This occurs because (1) the
higher the evaporation temperature, the higher the evaporation pressure; (2) the larger the pressure
difference in the adsorption bed, the smaller the mass transfer resistance; (3) the larger the adsorption
amount of the adsorbent, the larger the sensible heat of the adsorption bed. Ultimately, the cooling
capacity and coefficient of COP performance both increase as the evaporation temperature increases.
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Figure 9. Effect of evaporation temperature on refrigeration capacity and COP.

2.6. Analysis of the Experimental Results

2.6.1. System Performance Analysis at Different Evaporation Temperatures

Figure 10 shows the water vapor adsorption capacity of the adsorption refrigeration system over
time at different evaporation temperatures. It can be seen from the figure that when T,; = 298 K,
T. =308 K, Tgp = 353 K, the evaporation temperature was 288 K, the adsorption capacity was 0.625
g/g; when the evaporation temperature was 293 K, the adsorption capacity was 0.715 g/g; when the
evaporation temperature was 298 K, the adsorption capacity was 0.845 g/g. We can find that as the
evaporation temperature increases, the equilibrium adsorption amount of water vapor temperature
also increases. This is because the evaporation pressure increases and the pressure difference in the
refrigeration system also increases, which is beneficial to MIL-101(Cr)/CaCl,-20% composite adsorption.

It can be seen from Figure 11 that as the evaporation temperature increases, the cooling capacity
increases. When the evaporation temperature was 298 K, the cooling capacity of the system increased
by 5.47 W compared with that of the system when the evaporation temperature was 288 K.

During the experiment, as the evaporation temperature increases, the system cooling capacity
increases, resulting in an upward trend in the system’s COP and SCP. It can be found from Figure 12 that
the COP of the system was 0.103 when the evaporation temperature was 288 K. When the evaporation
temperature rose to 298 K, the COP of the system was 0.172, which was increased by 67%. For SCP,
when the evaporation temperature was 288 K, the value was 82.2 W/kg, and when the evaporation
temperature was 298 K, the SCP value was 136.9 W/kg, which is an increase of nearly 66.5%. Therefore,
in the refrigeration process, in the case of meeting the cooling demand, the evaporation temperature of
the system should be increased as much as possible.
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Figure 10. The curve of adsorption uptake of water vapor versus time.

15.0

Refrigerating capacity (W)

75F

288 290 292 294 296 298

Temperature (K)

Figure 11. Cooling capacity of the system at different evaporation temperatures.
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Figure 12. COP and adsorbent mass (SCP) of the system at different evaporation temperatures.
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2.6.2. System Performance Analysis at Different Adsorption Temperatures

Figure 13 shows the variation of system adsorption over time at different adsorption temperatures.
It can be seen from the figure that when T, = 288 K, T, = 308 K, Ty =353 K, the adsorption
temperature was 293 K, the adsorption capacity was 0.9 g/g; when the adsorption temperature was
298 K, the adsorption capacity was 0.66 g/g; when the adsorption temperature was 303 K, the adsorption
capacity was 0.565 g/g. From this we can see that as the adsorption temperature decreases, the amount
of water vapor adsorption in the system gradually increases. The increase in the adsorption temperature
causes the relative pressure to decrease. It can be seen from the adsorption isotherm of Figure 5 that as
the relative pressure decreases, the equilibrium adsorption capacity decreases.
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Figure 13. The curve of adsorption uptake of water vapor versus time.
It can be seen from Figure 14 that the cooling capacity decreases with increasing adsorption

temperature. When the adsorption temperature was 293 K, the system cooling capacity increased by
4.94W compared with that of when the adsorption temperature was 303 K.

150

125 F

Refrigerating capacity(W)

100 | \}

292 294 296 298 300 302 304

Temperature (K)
Figure 14. Cooling capacity of the system at different adsorption temperatures.
It can be seen from Figure 15 that the COP and SCP of the system decrease with the increase in
adsorption temperature, and the downward trend is very obvious. When the adsorption temperature

was 293 K, the COP and SCP of the system were 0.18 and 142.4 W/kg, respectively. When the adsorption
temperature was raised to 303 K, the COP and SCP of the system were reduced to 0.12 and 93 W/kg,
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respectively, and the performance of the system was nearly doubled compared with the adsorption
temperature of 293 K. Therefore, in the adsorption refrigeration system, the adsorption temperature
has a significant influence on the performance of the system.
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Figure 15. COP and SCP of the system at different adsorption temperatures.
2.7. Comparison of Experimental Results with Simulation Results

The experimental results and simulation results are summarized in Tables 2 and 3. The comparison
shows that the simulation results basically reflect the variation of system performance under different
working conditions. However, as far as the specific values are concerned, the experimental results
are slightly lower than the simulation results, mainly because of the following three reasons: (1) The
power of the electric heating furnace of the adsorption bed was too large, and the heat generated
during the desorption process was excessive, resulting in the system sensible heat increasing and the
system performance decreasing. (2) The specific heat capacity selected during the simulation process
was mostly fixed, and the specific heat capacity changed with the experimental temperature during
the experiment; (3) The leakage heat of the whole experimental system was better. There was more,
and the simulation process ignored the heat that the system loses into the environment.

Table 2. Experimental results and simulation results at different evaporation temperatures.

Evaporating Temperature (K) Qrer KJ) cor
288 Simulation result 79.3 0.15
Experimental result 73.95 0.103

293 Simulation result 121 0.192
Experimental result 110.9 0.154

208 Simulation result 125.2 0.23
Experimental result 123 0.172

Table 3. Experimental results and simulation results at different adsorption temperatures.

Adsorption Temperature (K) Qres (KJ) cor
203 Simulation result 142 0.21
Experimental result 128.2 0.18

208 Simulation result 119 0.19
Experimental result 93.67 0.13

303 Simulation result 100 0.17
Experimental result 83.81 0.12
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3. Conclusions

1.  MIL-101(Cr) was successfully synthesized and the structure of MIL-101(Cr) remained unchanged
after CaCl, was added.

2. With the increase in CaCl, content, the total pore volume and pore diameter distribution of
MIL-101(Cr)/CaCl, composite material gradually decreased. When CaCl, concentration reached
30%, the pore volume of MIL-101(Cr) was almost completely blocked by molecules.

3. The COP simulation model showed that the optimal desorption temperature and COP were 351 K
and 0.24, 0.1 higher than MIL-101(Cr).

4. Materials and Methods

4.1. Reagents and Materials

Chromium nitrate nonahydrate (Cr(NO3)3-9H,0, >99% purity, Aladdin Biotechnology Co. Ltd.,
Shanghai, China), terephthalic acid (H,BDC, >99.0% purity), hydrofluoric acid (HF, >40% purity,
Maclean Biotechnology Co. Ltd., Shanghai, China), N,N-Dimethyl formamide (DMF, >99.9% purity),
ammonium fluoride (NH4F, >99.99% purity), ethanol (>99.7% purity, Beijing Tongguang Fine Chemical
Co. Ltd., Beijing, China), anhydrous calcium chloride (>99.99% purity), and distilled water (prepared
by the laboratory) were used in the experiments.

4.2. Synthesis of MIL-101(Cr)

The parent MIL-101(Cr) was synthesized by hydrothermal synthesis using the procedure reported
by Yang [19,20].

4.3. Synthesis of MIL-101(Cr)/CaCl, Composites

MIL-101(Cr)/CaCl, composites were prepared by the immersion method [17]. About 0.4 g of
MIL-101(Cr) was weighed and dried in an oven at 100 °C for 8 h. The MIL-101(Cr) sample was
cooled to room temperature and then immersed in 10%, 20%, and 30% CaCl, solutions (soaked at
room temperature for 2 h). Finally, the soaked material was subjected to centrifugation, washed with
deionized water, and centrifuged again to remove excess calcium chloride. The sample was collected
and completely dried overnight in a vacuum oven at 373 K.

4.4. Materials Characterization

X-ray diffraction (XRD) was used to analyze the image of the composite. The diffraction peak
was used to determine whether the composite was successfully synthesized. The thermogravimetric
analysis (TG) was used to test the relationship between material quality and temperature, and its
composition and thermal stability were studied. The specific surface area and pore structure of
the composite were analyzed by N, adsorption—-desorption isotherm. The water vapor adsorption
isotherm, adsorption kinetics and differential adsorption heat curves of the composite adsorbent were
obtained by the gravimetric method, and the huge space and potential in the adsorption refrigeration
application were preliminarily determined.

4.5. Measurement of Water Vapor Adsorption Isotherms

The water vapor adsorption isotherm, adsorption kinetics curve and adsorption heat curve of the
material were tested by Conta’s DVS Advantage water vapor adsorption instrument. A weight about
40 mg of the sample was vacuum dried at 373 K to remove the solvent molecules from the material and
adsorb the water vapor into the pores. The material was then cooled to room temperature and placed
in the crucible of the instrument, then the interface was clicked on to run the program. During the test,
the temperature of the adsorption bed and the crucible were set to 298 K and 308 K, respectively.
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4.6. Experimental Rig of Single-Bed Adsorption System with New Type Adsorbent Filling Method

The experimental platform of adsorption refrigeration system adopts the same structure as the
previous study [21], as shown in Figure 16. We changed the adsorption bed filling method. Figure 17
shows the adsorption bed fabrication process. We took a 30 cm long stainless steel tube with a diameter
of 22 mm, opened a certain number of 5 mm holes, this was the mass transfer hole. The empty stainless
steel tube was wrapped with two 300-mesh screens, and clamped to the stainless steel tube with a
clamp to prevent the adsorbent powder from being drawn into the pipeline of the system during
vacuuming, which affects the normal operation of the experiment. We welded the stainless steel tube
with the mass transfer holes into the center of a thick stainless steel tube (adsorption bed) with a length
of 30 cm and a diameter of 52 mm. At this time, the inner diameter of the small stainless steel tube
was the mass transfer channel of the whole adsorption bed. The composite adsorbent material was
then filled into the gap between the thick stainless steel tubes, and the adsorbent bed was welded and
sealed and attached to the system via a vacuum ball valve. The adsorption bed had sufficient mass
transfer space to enhance the heat and mass transfer capacity of the adsorption bed. The structure of
the adsorption bed is shown in Figure 18.

Pressure transmitter

Adsorption bed

ntroll
Constant Temperature Controller

Evaporator/Condenser
bath

Vacuum pump

Figure 16. Adsorption refrigeration system performance test device.

Perforated stainless steel tube

Q ‘Wrapped with two 300 mesh screens
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Figure 17. Production process of the adsorption bed.
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Figure 18. Adsorption bed structure.

4.7. Experimental Procedure for Performance Test of Adsorption Refrigeration System

The schematic diagram of the experimental system is shown in Figure 19. The experimental steps
are as follows:

Adsorption bed

Vacuum ball valve 3 ﬁ) Pressure gauge

Flow meter @
— Electric heating tube
/ vV
1 acuum bgll valve 2
Controller 5 Vacuum ball valve 1
Evaporator/Condenser
¢ N
T_ Vacuum pump
d
s~
Valve
N |

Constant temperature water bath

Constant temperature water bath

Figure 19. Schematic diagram of adsorption performance test.

Adsorption bed heating vacuum process: because the system requires high vacuum, it is necessary
to heat the adsorption bed before the cycle starts, set the heating temperature to 100 °C, then turn on
the vacuum pump for 30 s. Then the vacuum ball valve 1 and the vacuum ball valve 3 are opened,
and the adsorption bed is heated and evacuated until the internal pressure of the adsorption bed is
maintained at about —101kPa. The vacuum ball valve 1 is closed, the constant temperature water bath
is turned on, and the adsorption bed is cooled to the adsorption temperature.

To remove excess air from the evaporator/condenser: open the vacuum ball valve 2 on the basis
of the previous step and remove excess air from the evaporator/condenser until the pressure in the
evaporator/condenser reaches the evaporation temperature. Saturate the pressure, then turn off the
vacuum ball valve 1 and then turn off the vacuum pump.

Adsorption—evaporation process: the vacuum ball valve 2 and the vacuum ball valve 3 are
opened, and the adsorption bed is connected with the evaporator. The refrigerant in the evaporator
changes from a liquid state to a gaseous state and enters the adsorption bed to be adsorbed by the
adsorbent, and then the temperature and pressure in the adsorption bed will increase. When the valve
is not opened, the pressure in the evaporator remains at the condensation pressure, and the pressure
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difference between the adsorber and the evaporator is the difference between the condensation pressure
and the evaporation pressure. At the beginning of the adsorption process, the pressure inside the
evaporator will gradually decrease to the evaporation pressure, and the pressure difference between
the adsorber and the evaporator will gradually decrease to zero. At the same time, the water bath
that opens the adsorbent bed cools the adsorbent bed to ensure that the adsorbent bed temperature
is maintained at the adsorption temperature. The liquid water in the evaporator evaporates into a
heat exchange between the water vapor and the external environment, so that the temperature of
the evaporator water bath is continuously reduced as the adsorption process progresses, thereby
generating a refrigeration effect. The adsorption process ends when the adsorbent bed pressure is the
same as the evaporator pressure. The initial adsorption time, changes in evaporator/condenser level,
and adsorption end time are recorded.

Heating process: the adsorption bed is heated before the desorption process. The adsorption bed
is heated to 100 °C by an electric heating tube, during which the internal temperature and pressure of
the adsorption bed are both increased. When the pressure in the adsorption bed is greater than the
pressure in the condenser, the temperature rise is completed.

Desorption—condensation process: set the temperature of the water bath where the condenser is
set to the condensation temperature and open the vacuum ball valve 2. Due to the pressure difference
between the adsorption bed and the condenser, the gaseous refrigerant will enter the condensation
through the pipeline under the action of pressure and with the desorption, the pressure difference
between the adsorber and the condenser decreases. The condenser condenses into a liquid refrigerant,
and the temperature of the condenser water bath increases. When the internal pressure of the condenser
is equal to the internal pressure of the adsorbent bed, the condensation process ends.

Cooling process: when the desorption process is finished, the adsorption bed is still in a high
temperature and high pressure state, which is not conducive to the next cycle, so the adsorption bed
needs to be cooled before the start of the next cycle. The circulating water is opened to the adsorption
bed. When the pressure in the adsorption bed drops to the saturation pressure corresponding to the
evaporation temperature, the cooling process ends and the next adsorption cycle begins.

The parameters of electric heating tube, pressure transmitter and constant temperature water bath
used in the above experiment are shown in Tables 4-6.

Table 4. The main technical parameters of the electric heating tube.

Content Value
Temperature Range (K) 273-383
Accuracy (K) 0.1
Power Voltage (Hz/V) 50/220
Power (W) 200

Table 5. The main technical parameters of the pressure transmitter.

Content Value
Power Supply (V) 24
Operating Temperature Range (°C) -30-80
Signal (mA) 4-20
Range (kPa) —100-1600
Accuracy (kPa) 0.1
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Table 6. The main technical parameters of the constant temperature bath.

Content Value
Temperature Range (K) 268-373
Temperature Fluctuation (K) +0.05
Accuracy (K) 0.1
Volume (L) 7.5
Circulating pump flow (L/min) 6
Power Voltage (Hz/V) 50/220

5. Mathematical Model of the Single-Bed Adsorption System

5.1. Basic Assumptions of the Theoretical Model

For an adsorption refrigeration system, its internal energy flow is a complex process, and it
is impossible to fully express such a complicated energy flow process by mathematical expression.
There is no need to consider such a complicated problem in the engineering application, so the complex
problem can be simplified in mathematical modeling, regardless of the heat transfer process of internal
load during energy flow, and the lumped parameter method is used to describe the energy flow process.
The system parameters and constants involved in the simulation process are shown in Table 7.

Table 7. Physical property parameters used in the simulation.

Symbol Term Value Unit
M, Mass of the adsorbent 0.1 kg
My Mass of the adsorbent bed 2 kg
Cic Specific heat capacity of the refrigerant 4.18 kJ/kg-K
Cm Specific heat of the stainless steel 0.5 kJ/kg-K

L latent heat of vaporization of water 2465 kJ/kg

In order to simplify the calculation, the following assumptions were made:

(1) The temperature and vapor pressure inside the entire adsorption bed are uniform.

(2) The water is uniformly adsorbed by the MIL-101(Cr)/CaCl, composite material, and the water is
liquid in the MIL-101(Cr)/CaCl, composite material.

(3) The pressure difference between the adsorption bed and the condenser are ignored, the pressure
difference between the adsorption bed and the evaporator are ignored.

(4) The heat conduction of the casing connected between the adsorption bed and the condenser or the
evaporator is ignored, assuming complete insulation between the adsorption bed, the condenser
and the evaporator.

(5) In addition to accidental heat exchange between hot water, cooling water and chilled water,
the system ignores the cold/heat in the environment.

(6) The specific heat capacity of the MIL-101(Cr)/CaCl, composite, the specific heat capacity of the
adsorbent bed and the specific heat capacity of the refrigerant are constant.

5.2. Mathematical Model of the Basic Cycle

The simulation model of this cycle is based on COP Equation (1).

Qre J Qeva

COP = ——
Qh"’Qg

The seven heat calculation formulas involved are as follows:
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5.2.1. The Sensible Heat Absorbed by the Adsorption Bed During Constant Volume Boost (Qy,)

Ta1 Te1 Te1
Tu2 Taz TaZ

where Tgq is the initial analytical temperature (K), T, is the adsorption temperature (K), C, is the
specific heat capacity of the adsorbent (kJ-kg~1-K™1), Cy, is the specific heat capacity of the refrigerant
(KJ’kg™1-K™1), Cyy is the specific heat of the metal in the adsorbent bed (k]-kg~!-K~1!), M, is the mass of
the adsorbent (kg), M, is the mass of the adsorbent bed (kg), and X, is the adsorption amount of the
adsorption bed at the end of adsorption of the adsorption line corresponding to the T, temperature
point. In Equation (2), the first term represents the sensible heat of the adsorbent, the second term
represents the sensible heat of the liquid refrigerant, and the third term represents the sensible heat of
the adsorbent bed.

5.2.2. Heat Absorbed during Desorption (Qg)

Teo T2 Teo Teo
Qg = f CaMadT + f CloMoxdT + f CoMdT — | MyhydT 3)

T Ta T Ta

where Ty, is the desorption temperature (K), x is the adsorbent adsorption amount (kg-kg™), and h, is
the desorption heat (k]-kg_l). In Equation (3), the first term represents the sensible heat of the cooled
adsorbent, the second term represents the sensible heat of the refrigerant, and finally the sensible heat
required to cool the adsorbent bed.

5.2.3. The Sensible Heat Taken Away by the Cooled Adsorption Bed (Q,)

T2 T2 Tgo
Q.= f CoM,dT + f CicMpxgpdT + f CuM,, dT 4)
Tnl Tal Tal

where T;; is the initial adsorption temperature (K), and x;; is the adsorption amount (kg-kg_l) of
the adsorbent at the end of desorption corresponding to the T, temperature point. The first term in
Equation (4) represents the sensible heat of the adsorbent, the second term represents the sensible heat
of the refrigerant remaining in the adsorbent bed, and the third term represents the sensible heat of the
adsorbent bed.

5.2.4. Heat Taken Away by the Cold Source during Adsorption (Q,y)
Tan Tm
Qui= ¥ CMdT 4 [ C Mo
“ . - ®)
+ fTZl CruMpudT — [} T, CpeMyAxdT + szl M dT

where Cj is the constant pressure specific heat of the gaseous working fluid (k]-kg™!-K™!), and ha is
the heat of adsorption (kJ-kg™!). The last term in Equation (5) is the sensible heat of the vaporized
working gas temperature rising from the evaporation temperature to Tj,.

5.2.5. Refrigerating Capacity (Qyf)

Qref = M,LAx (6)

where L is the latent heat of vaporization of water(k]-kg™!) is cyclic adsorption (kg-kg™).
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5.2.6. Heat Released by Condensation (Qong)

ng dx

Qcond = MyLAx + f CpcMa d_th 7)
Te
where T, is the condensation temperature (K). In Equation (7), the first term is the latent heat of saturated

vaporization, and the second term is the sensible heat released by refrigerant vapor during condensation.

5.2.7. Sensible Heat Released by Liquid Refrigerant from T, to Evaporation Temperature T, (Qeva)

Te
Qs = f CieMyBxdT ®)
Te

where T, is the evaporation temperature (K). In fact, as adsorption refrigeration is a complicated heat
and mass transfer process, there are various heat losses, so it is very difficult to accurately calculate all
kinds of heat. However, it can be theoretically useful to analyze the cycle through these equations.

5.2.8. Expressions for Tg1 and Ty

Before the beginning of the adsorption process, after opening the valve connecting the adsorber
and the evaporator, the gas in the evaporator releases heat from the condensation temperature T,
to the evaporation temperature T,, and the pressure drops from the condensation pressure P, to the
evaporation pressure P,. The adsorption amount remains unchanged during the process. According to
the ideal gas state equation, its relationship is shown in Equation (9). Before the desorption process
begins, there is a preheating process in the adsorbent. The gas temperature in the adsorbent rises from
Ta» to the initial desorption temperature Tqq, while the pressure rises from the evaporation pressure
P, to the condensing pressure P;, and the gas quantity remains unchanged. The equation is also
shown in Equation (10). Similarly, the complete desorption temperature T¢, and the initial adsorption
temperature T, satisfy the Equation (11). Equations (12) and (13) are obtained from simultaneous
Equations (9)-(11).

P, T.
P, T, )
P, Tgl
- 10
Pe Ta2 ( )
P, Tg2
e 11
Pe Tal ( )

TcTa2

T, = —4 12

sl T, ( )
T.T,

T =~ (13)
e
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Nomenclature

Te1 initial desorption temperature, K

Tqo desorption temperature, K

Ca (T)  specific heat capacity of the adsorbent, kJ-kg ™K~
M, adsorbent mass, kg

Ty initial adsorption temperature, K

Tan adsorption temperature, K

Cic (T)  specific heat capacity of water, kJ-kg™-K~!
Cm (T)  specific heat capacity of stainless steel, k]-kg™1-K~!

M, adsorption bed mass, kg

Qn sensible heat absorbed by the adsorption bed during constant volume boost, kJ-kg ™!

Qg heat absorbed during the desorption process, k]-kg_1

hg desorption heat, kJ-kg™1-K~!

ha heat of adsorption kJ-kg~!

Qref cooling capacity, kJ-kg ™!

L latent heat of vaporization of water, kJ-kg~!

Ax circulating adsorption capacity, kg-kg™!

X water adsorption capacity in gas—solid-phase equilibrium at the time of adsorption in adsorption

a2 temperature, kg-kg ™!
X water adsorption capacity in gas—solid-phase equilibrium at the time of desorption in desorption
42 temperature, kg-kg ™!

Qeva sensible heat of liquid refrigerant from Tc to evaporation temperature Te, k]~l<g‘1

T, condensation temperature, K

T, evaporation temperature, K
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