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ABSTRACT: Herein, we present an integrated upper division 0,0

chemistry laboratory experiment involving the synthesis, character-
k’ Dibenzothiophene Sulfone
S
e

(MOFs). Experiments are designed to facilitate the solvothermal
synthesis and characterize MOFs, including UiO-66, UiO-66-NH,),
and UiO-66-NO,. The MOFs are employed as catalysts in
oxidative desulfurization (ODS) of an organic sulfur-containing
compound, dibenzothiophene (DBT), in a laboratory experiment.
To investigate the composition and structure of the MOFs, powder
X-ray diffraction (PXRD) and elemental analysis (EA), respec-
tively, are employed. Using Fourier transform infrared (FT-IR) Th e N,
spectroscopy, students evaluate the different organic linkers found

in the MOFs. Students then investigate the effects of the electronic environment of the organic linker of the MOFs on the ODS of
DBT. Students find that all three porous and crystalline MOFs oxidize DBT, but UiO-66-NO, exhibits the most efficient catalytic
conversion.
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B INTRODUCTION

Endowed with both high surface area and chemical and
synthetic modularity, metal—organic frameworks (MOFs) are
hybrid organic—inorganic materials which can be used for a
plethora of apphcatlons, such as water decontamlnatlon,
energy conversion,” " gas capture/storage,” and catalysis.” '’
Catalytic act1v1ty may originate from the tunability of the
organic linkers'"'> and metal sites."*™'® The versatility and
strategic positioning of these catalytic sites are what make
MOFs an ideal choice for heterogeneous catalysis."”

Since MOFs are synthesized through facile methods and
their structures and chemistry are easily tunable, these aspects
allow undergraduate laboratories to incorporate MOF-based
experiments into their curriculum.”'® Using MOFs for catalysis
as a learning tool in laboratories introduces undergraduate
students to reaction kinetics, electron withdrawing/donating
functional groups, and solid-state materials chemistry, serving
as a crossroads between general, organic, and inorganic
chemistry. This approach underscores the importance of
research-based learning in chemistry, bridging the gap between
textbook knowledge and real-world scientific research.
Engaging with MOFs in an educational setting enables
students to experience firsthand the application of cutting-
edge materials science, thereby fostering a more comprehen-
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sive and hands-on educational experience in the field of
chemistry.

While earlier studies have made significant efforts to
understand catalytic processes in a research setting,'””**
undergraduate students’ exposure to oxidative desulfurization
(ODS) remains notably limited in the teaching laboratories,
despite the critical role of ODS in desulfurization of fuels. This
gap underscores the need for further attention and exploration
in this subject area. Previously, Jannsens et al. performed
esterification reactions with a polyoxometalate (POM), a class
of nanoclusters, as a catalyst for the reaction. When the
catalytic POM is encapsulated by the copper-based MOF,
HKUST-1, the POM can be recovered, emphasizing the
recyclability of the catalyst.”® Huo et al. on the other hand,
used NENU-9, another copper-based MOF,*® to demonstrate
ODS of dibenzothiophene (DBT) which introduced students
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to heterogeneous catalysis and to train students on aiming to
solve environmental issues with their skill sets.

This work, however, differs from previous work in three
ways. First, this is the first upper-division laboratory experi-
ment where students investigate the effects of the electronic
effects of the organic linkers on catalytic efficiency in the ODS
reaction of DBT. The MOFs vary by the addition of an
electron-donating group (UiO-66-NH,), or an electron-
withdrawing group (UiO-66-NO,), or the lack thereof (UiO-
66) within their organic linker. Second, this experiment focuses
on utilizing the zirconium-based Lewis acid metal sites in the
UiO-66 series of MOFs for catalysis, unlike the copper-based
sites in previous works. Due to the multiple zirconium-oxo
bonds that strongly bind the zirconium-based MOFs together,
these MOFs result in higher chemical and thermal stability.
Lastly, this laboratory experiment emphasizes the application
of intradisciplinary chemistry concepts, which span from
general to organic, inorganic, and materials chemistry. Thus,
in this laboratory experiment, we demonstrate how the
electron-withdrawing effects of the organic linker in three
zirconium-based MOFs affect the overall catalytic conversion
of DBT to its oxidized form, DBTO,. This experiment
ultimately offers undergraduates a greater understanding of
interdisciplinary concepts within the field of inorganic
materials chemistry.

B EXPERIMENTAL SECTION

This procedure is designed for upper-division chemistry and
biochemistry majors to apply their skills from previous courses,
such as general chemistry, organic chemistry, analytical
chemistry, and inorganic chemistry, in a single integrated lab
experience. This section is divided into three steps, including
synthesis, characterization, and catalytic performance evalua-
tion of each MOF.

As described in Figure 1, UiO-66 and UiO-66-NH, were
synthesized. Both involved sonicating zirconium(IV) tetra-
chloride (ZnCl,) and 1 mL of 6 M HCl in 5§ mL of
dimethylformamide (DMF) for 20 min. This was then
followed by sonication of the organic linkers, terephthalic
acid for UiO-66 and 2-aminoterephthalic acid for UiO-66-
NH,, in 10 mL of DMF for 20 min. The solution was then
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Figure 1. Schematic diagram of solvothermal and hydrothermal
synthesis of Ui0-66, UiO-66-NH,, and UiO-66-NO,.
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placed within an oven at 80 °C for 24 h in order to initiate the
solvothermal reaction. Then the formed precipitate was
centrifuged and underwent solvent exchange from DMF to
ethanol (EtOH). The washed precipitate was last activated at
90 °C for 24 h.

UiO-66-NO, was synthesized similarly. Zirconium(IV)
tetrachloride and 2-nitroterephthalic acid were dissolved and
sonicated in 10 mL of DMF for 20 min, followed by the
addition of 32.5 uL of deionized (DI) water and sonicated for
another 20 min. A Teflon lined stainless-steel autoclave was
used to heat the solution to 120 °C for 24 h. The formed
precipitate was centrifuged and underwent a solvent exchange
from DMF to EtOH. The washed precipitate was last activated
at 90 °C for 24 h.

The MOFs were then characterized by Fourier transform
infrared spectroscopy (FT-IR) to confirm the presence of
functional groups of the organic linker, powder X-ray
diffraction (PXRD) to determine the crystallinity of the
material, and elemental analysis (EA) to confirm the elemental
composition. Nitrogen isotherms were collected to evaluate
the surface areas and pore diameters of the MOFs.

To examine the catalytic performance of the MOFs, an ODS
is performed. A model oil was first prepared with
dibenzothiophene in acetone and a known sample of
benzophenone as our internal standard. In the 3-neck round-
bottom flask, the MOF was introduced to 30% H,0O, followed
by the model oil. The round-bottom flask would then be
connected to a reflux reaction system and heated through an
oil bath. The reaction was monitored to keep an internal
temperature of 60 °C.

GC-MS samples were taken throughout the reaction from 0
to 2 h and ran under a known ODS of DBT in acetone
method. The concentration of oxidized dibenzothiophene was
determined with the known concentration of the IS and the
initial response factor determined using eq 1 where A, is the
area of the analyte signal, [X]; is the concentration of the
analyte, A, is the area of the standard single, [S]; is the
concentration of the standard signal, and F is the response
factor.

(1)

B SAFETY HAZARDS

To safely conduct the laboratory activity, students should wear
lab coats, safety goggles, and gloves. Zirconium(IV) chloride,
terephthalic acid, 2-aminoterephthalic acid, 2-nitroterephthalic
acid, dibenzothiophene, 6 M hydrochloric acid, and 30%
hydrogen peroxide may result in eye and skin injuries. If
accidentally exposed, eyes and skin should be rinsed with water
for a minimum of 15 min. Individuals are advised to seek
medical attention immediately afterward. All instructors and
students must review the MSDS of the chemicals used in the
activity. To ensure that the heat from the hot plate heats the oil
bath to 60 °C, the hot plates were set to 130 °C. To avoid
accidents, students must wear oven mitts when moving the oil

bath.

B LEARNING OBJECTIVES AND CONCEPTS

Students gain experience working with MOFs through lecture
video and hands-on lab skills acquisition in synthesis and
characterization. Before each topic, students watch a lecture
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video to provide the fundamental concepts of each synthesis
and characterization procedure. This instruction and hands-on
lab work teach students MOF analysis via PXRD, EA,
isotherms, FT-IR, and GC-MS. Students track the structural
retention of MOFs via the presence of peaks correlated with
lattice spacings via PXRD. Using EA and FT-IR, students
monitor the elemental and organic composition, respectively,
of the MOFs. Finally, GC-MS quantifies the conversion of
DBT to DBTO, to calculate the catalytic efficiency.

B RESULTS AND DISCUSSION

Structural Characterization

The crystallinity, structure, and identity of UiO-66 and its
analogues are verified through powder X-ray diffraction
(PXRD, Figure 2). Usage of this technique allows students
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Figure 2. PXRD patterns of as-synthesized (a) UiO-66, (b) UiO-66-
NH,, and (c) Ui0-66-NO, and post-ODS reaction (d) ODS-UiO-66,
(e) ODS-UiO-66-NH,, and (c) ODS-UiO-66-NO,

to explore how X-rays interact with crystalline structures and
how a measurement can be made from the interaction. Peaks
shown are characteristic of the corresponding UiO-66 family of
MOFs. Post-ODS MOFs show that the crystallinity of the
UiO-66 powders retained major peaks, but some peaks
disappeared or shifted, suggesting introduction of defects
into the MOFs; students understood that this indicates that
MOF structures slightly change after the reactions (Figure 3).

0ODS Ui0-66-NO,
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Figure 3. FT-IR of as-synthesized (a) UiO-66, (b) UiO-66-NH, and
(c) Ui0-66-NO, and post-ODS reaction (d) ODS-UiO-66, (e) ODS-
Ui0-66-NH, and (c) ODS-UiO-66-NO,-.
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Nitrogen Isotherm Analysis

The N, isotherms (Figure S2) present type I adsorption
isotherms, confirming that UiO-66 and analogues are micro-
porous. The surface area of UiO-66 was found to be 854 m*:
g~1.>’ Noticeably, this value decreases to 485 m*g™' and 424
m*g! for UiO-66-NH, and UiO-66-NO,, respectively, after
functionalized with —NO, and —NH,. These data are
consistent with previously reported work.”® Students learned
that after the ODS reaction the surface areas of all catalysts
increased (Figure S2b), confirming crystal structure changes
and the creation of defects on the surface of the catalysts.
However, these changes do not affect the catalytic perform-
ance, highlighting the importance of the functionalization of
UIO-66 on its catalytic performance.

Elemental Composition

Elemental analysis (EA) data verifies the elemental composi-
tion of UiO-66 and its variants. All variants have C, H, O, and
Zr, as expected. However, unlike the EA results for UiO-66, the
results for UiO-66-NH, and UiO-66-NO, both confirm the
presence of nitrogen, which originates from the amino group
on 2-aminoterephthalic acid and nitro group on the 2-
nitroterephthalic acid. We noted decreases in elements in
Table 1 due to structural degradation after the ODS reaction.

Table 1. Elemental Analysis of As-Synthesized and Post-
ODS Reactions of Different MOFs

Post-ODS Reaction MOFs

As-synthesized MOFs (mass %) (mass %)
UiO-  Ui0-66- UiO-66- UiO-  Ui0-66-  UiO-66-
Element 66 NH, NO, 66 NH, NO,
C 30.43 29.06 30.00 29.83 28.38 27.75
H 3.11 4.63 4.16 2.72 4.82 2.28
(e} 47.07 40.57 40.45 42.07 40.13 43.67
N 0 8.05 4.24 0.97 4.82 4.39
Zr 19.39 17.69 21.15 2441 21.85 2191

This is consistent with the PXRD data in Figure 2, which
shows that some of the peaks in the post-ODS MOFs
disappeared or shifted as well as the increase in surface areas of
the MOFs in Figure S2b. From this data, the students learn
that the ODS reaction introduces defects into the MOFs.
Organic Linker Identity

FT-IR spectroscopy was used to determine the structure of the
organic linker within the UiO-66 variants, as well as the
different functional groups within each MOF. All assignments
are summarized in Table 2. UiO-66 showed a wide broad peak

Table 2. FT-IR Assignments of the As-Synthesized MOFs

MOF Functional group Wavenumber (cm™)
UiO-66 —OH 3305
C=C 1500
Zr—OH 600—700
UiO-66-NO, —OH 3300
-NO, 1550
C=C 1480
Zr—OH 600—700
Ui0-66-NH, N-H 3400
C-N 1350
C=C 1500—-1700
Zr—OH 600—700

https://doi.org/10.1021/acs.jchemed.4c00297
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that appeared at around 3305 cm™' which indicates the

formation of O—H bonds from hydrogen bonds within the
zirconium—oxygen cluster in the organic linker. The bending
at around 1500 cm™" suggests the presence of a C=C bond
that forms from the carbonyl present in the zirconium—oxygen
cluster. The Zr—O cluster bending can also be found in the
peaks located in the range 600—700 cm™'. UiO-66-NH,
showed a wide broad peak at 3400 cm™' indicating the
presence of a N—H bond from the amine. Another amine
functional group peak is present at 1350 cm™" indicative of C—
N bond stretching. The C=C peak from the carbonyl present
in the Zr—O cluster can be seen in the 1500—1700 cm™" range.
UiO-66-NH, also contains the peaks indicative of the Zr—O
cluster from 600 to 700 cm™'. UiO-66-NO, showed a strong
—NO, peak at 1550 cm™". The stretching from the C=C bond
is seen at 1480 cm ™' and the stretching from the Zr—O cluster
can be found at 550 cm™ (Figure 3). FT-IR data were
collected for as-synthesized and post-ODS reactions, but only
IR assignments for as-synthesized reactions are included in
Table 1 because they did not change after the reaction.
Therefore, the students understood that the functional group
vibrations are retained after the ODS reaction (Figure 3).

Catalytic Performance Measurements
Oxidative desulfurization of DBT in acetone was monitored by

GC-MS at various time points (0, 0.5, 1.5, and 2h) as shown in
GC-MS plots in Figures S3 and S4 as well as Figure 4. UiO-66

100 - * < <
80 g
= 607
g
)
[
m
o 404 u
204 —a— UIO-66
—8— UIO-66-NH;
—— UiO-66-NO;
0 —&— Blank
T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Time (h)

Figure 4. Average percent conversion of DBTO, formed over 2 h of
oxidative desulfurization.

reached a 96.93% DBTO, conversion at 2 h, UiO-66-NH,
reached a 79.53% conversion at 1.5 h, and UiO-66-NO,
reached 100.00% conversion at 1 h. Lastly, an ODS reaction
was performed without any MOF, showing a 34.89% maximum
DBTO, conversion at 2 h. All four ODS reactions showed their
quickest catalytic conversion from DBT to DBTO, within 0.5
h and then slowly plateaued afterward. For the student-run
reactions, UiO-66-NO, appears to be the most efficient
catalyst.

The catalytic performance of the three MOFs aligns with
existing literature findings, as the students found. UiO-66-NO,
exhibits superior activity, followed by UiO-66, while UiO-66-
NH, demonstrates the lowest conversion rates. The highest
catalytic activity of UiO-66-NO, is likely due to its nitro group
functionalized linker, which adds electron-withdrawing char-

3431

acter. This aids in making the H,0, complex in the reaction
more electrophilic. The mechanisms for ODS (Scheme 1)

Scheme 1. Oxidative Desulfurization of Dibenzothiophene
Reaction Scheme Using Ui0-66-X (X = —H, —NH,, —NO,)

™

R ————

Ui0-66-X (2r*")
(X =-H, -NH,, -NO,)

Ui0-66-X (zr*)

Ui0-66-X
@)

Ui0-66-X (2r") 0

2 oH

QS

o}

show that the formation of Zr*" is a major contributor for
ODS, as DBT molecules coordinate to the Lewis-acid metal
sites on the MOF. Having more electron-withdrawing
character on the linker would provide activation of more
Lewis acid sites and enable more coordination with DBT,
resulting in more efficient ODS. Students’ experimental data
showed that the appearance of an electron-donating group

greatly hindered catalytic activity, indicating the need for
electron-withdrawing character for the ODS.

Assessing the Structural and Chemical Stability of Catalyst

PXRD measurements (Figure 2) were taken of the MOFs after
catalytic performance during ODS in order to check the
material’s structural durability. Post-ODS MOFs show that the
crystallinity of the UiO-66 powders retained major peaks, but
some peaks disappeared or shifted, suggesting introduction of
defects into the MOFs (Figure 2). Furthermore, FT-IR
measurements (Figure 3) were taken of the MOFs after
ODS to confirm that the functional groups were still present.
Post-ODS results from students show that the organic linker
found within the UiO-66 powders remained unchanged after
an initial run, confirming the MOFs’ structural durability as a
catalyst for ODS.

Since UiO-66-NO, demonstrated the highest catalytic
activity, the students performed recyclability tests (Figure 5).
The catalyst was relatively easy to recycle after the initial
reaction via vacuum filtration and washing with acetonitrile.

100

DBTO,(%)

80

Run 1 Run 2

Number of ODS Runs

Run 3

Figure S. Recyclability of the UiO-66-NO, MOF. Each run represents
the ODS of DBT, yielding 99.73% conversion of DBT to DBTO,.
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After a total of three different runs, the catalytic performance
of UiO-66-NO, maintained a 99.3% conversion rate,
suggesting little to no degradation in its performance as
shown in Figure S.

B STUDENT LEARNING OUTCOMES

To help students understand MOF composition—structure—
property relationships, the instructor presented information
on:

e Importance of fuel desulfurization

e Composition, morphology, and structures of zirconium-
based MOFs

® Spectroscopic analysis

e GC-MS kinetics investigations

e Data analysis and interpretation

Students were then assessed through individually written
reports in a scientific journal format and oral presentations in
the areas listed above. To probe breadth, the instructor
checked that students correctly answered at least 80% of the
list of Results and Discussion questions on page S7 of the
Student Handout in their final report. To probe depth, the
instructor checked that students correctly answered all
questions from the classroom audience during their oral
talks. Students earning a score of 80% or more were classified
as achieving learning goals. Students also completed pre- and
postsurveys to evaluate their own confidence in laboratory
techniques and tasks (Figure S1). After the laboratory activity,
all students increased in confidence in their self-assessments of
the techniques and tasks.

B CONCLUSIONS AND FUTURE WORK

The synthesis, characterization, and evaluation of MOFs for
the oxidation of DBT to DBTO, introduce fundamental
chemistry to chemistry and biochemistry majors in the context
of using MOFs for fuel desulfurization. Students had the
opportunity to synthesize three unique MOFs with different
linkers to explore effects of the electronic environment on
catalytic conversion of DBT, a toxic fuel additive, to its
oxidized and more environmentally friendly form. This lab
demonstrates how interconnecting general, organic, inorganic,
and materials chemistry in one laboratory project enables
students to deepen their thinking through both oral talks and
written reports.
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