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Abstract: We explored the practical advantages and limitations of applying a UiO-66-based
metal-organic framework (MOF) catalyst in a flow microreactor demonstrated by the catalytic
hydrolysis of ethyl paraoxon, an organophosphorus chemical agent. The influences of the following
factors on the reaction yield were investigated: a) catalyst properties such as crystal size (14, 200,
and 540 nm), functionality (NH, group), and particle size, and b) process conditions: temperature
(20, 40, and 60 °C), space times, and concentration of the substrate. In addition, long-term catalyst
stability was tested with an 18 h continuous run. We found that tableting and sieving is a viable
method to obtain MOF particles of a suitable size to be successfully screened under flow conditions
in a microreactor. This method was used successfully to study the effects of crystal size, functionality,
temperature, reagent concentration, and residence time. Catalyst particles with a sieved fraction
between 125 and 250 um were found to be optimal. A smaller sieved fraction size showed a major
limitation due to the very high pressure drop. The low apparent activation energy indicated that
internal mass transfer may exist. A dedicated separate study is required to assess the impact of pore
diffusion and site accessibility.

Keywords: MOF; catalyst; microreactor; kinetic studies

1. Introduction

In the early 1990s, microreactors and flow chemistry emerged and established themselves as
powerful tools for exploratory research, piloting, and industrial production. Due to the characteristically
small diameter of the reaction channel in the micron-to-millimeter range, a very high surface-to-volume
ratio is realized and mixing and heating are significantly accelerated, which enable demanding
chemical processes to operate safely and under closely controlled conditions [1,2]. The very low
holdup of the reaction volume ensures an entirely new level of inherent safety in the process,
as evidenced in the application of this technology to toxic or explosive reactions [3-6]. The narrow
residence time distribution approaching that of an ideal plug flow reactor [7-9] makes it beneficial for
maximizing the selectivity of parallel and sequential reactions and in the synthesis of monodispersed
nanoparticles [10-12]. Running reactions under flow microconditions enables much better quality
control compared to batch reactions, as processes can be run under continuous monitoring using
online sensors. As such, flow microreactors are ideal for fully automated systems to synthesize, screen,
and optimize chemical research [13-15].
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Metal-organic frameworks (MOFs) are an emerging class of porous materials constructed from
metal-containing secondary building units (SBUs) and organic linkers [16]. The highly porous cavities
decorated with functional ligands and active metal SBUs produce MOFs with exceptional potential
for the fabrication of a variety of heterogeneous catalysts. For example, the hydrolysis of chemical
warfare agents (CWAs) and simulants with highly stable Zr(IV)-based MOFs such as UiO-66, NU-901,
NU-1000, and MOF-808 has been explored because of their ultrahigh stabilities in aqueous solvents.
Using Lewis acidic zirconium clusters as active sites has also been studied [17-19]. Although MOF
or MOEF-based composite catalysts have been proven to be effective for the degradation of CWAs,
most examples were tested in batch conditions in basic solutions. In general, there are few examples of
catalytic testing of MOF-based catalysts in flow reactors as shown in Scheme 1 [20,21].
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Scheme 1. Schematic illustration of the catalytic hydrolysis of CWAs under microflow conditions.

Catalyst testing in flow microreactors has many advantages over traditional solid catalyst testing
in batch reactors [20]. First, many operating parameters such as temperature, pressure, and feed
concentrations can be easily and quickly varied in flow microreactors, which provide an insight into
the reaction mechanism and kinetics; second, consumption of chemicals and waste production is
significantly reduced; and third, it enables easy testing of catalyst reusability, and catalyst stability
under reaction conditions via long-term testing on a stream and changing the feed purity. Additionally,
flow microreactors enable the study of the direct leaching of the active metal or organic components by
chemical analysis of the filtrate and effluent. Considering the potential of MOFs as catalytic materials
and flow microreactors as a powerful tool for catalyst testing, studying how to use MOF catalysts in a
flow microreactor is valuable for future research, especially during the exploration and screening phase.

A major limitation to loading the as-synthesized MOF catalyst powder in the flow microreactor
is the small particle size, ranging from nanometers up to a few micrometers, which results in a very
high pressure drop. To eliminate this drop, the catalyst particles must be enlarged to a sufficient
size. Several compounding methods have been proposed in the literature to enlarge MOF catalyst
particle size. These include coating the catalyst on the wall of the reaction channel, using a monolith,
producing catalyst microfibers, or using 3D printing to construct smart designs [22,23]. Each of these
concepts has its own advantages and specific challenges. Although these are promising solutions for
final commercial applications, testing catalysts in powder form is sometimes inevitable in the research
stage. This is especially true at the initial exploratory phase of research, in which determining intrinsic
reaction kinetics is essential, the quantities of available catalysts are small, and supply is limited.
The intrinsic kinetics are better tested without the presence of binders, as they could affect activity and
catalyst particle size needs to remain small to avoid mass and heat transfer limitations.

The most common method used to increase catalyst particle size is tableting the as-synthesized
powder via mechanical compression, followed by crushing and sieving the tablet to obtain particles
of the desired size. This is advantageous and easy as no binding material or additional complex
treatment steps that could affect the catalyst properties are needed. The only concern is that applying
mechanical compression to MOFs could cause a decrease in surface area due to destruction of the
crystalline structure [24-26]. Some MOFs collapse when submitted to mechanical compression beyond
a certain pressure [27]. The zirconium metal-organic framework UiO-66 chosen for this study possesses
exceptional mechanical stability in a highly porous system and can be processed through the pelleting,
crushing, and sieving procedure without significant mechanical damage [28-30].
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The aim of this paper is to demonstrate the capability of MOFs as a catalytic material in a flow
microreactor. The emphasis is mainly on demonstrating if increasing particle size by tableting and
crushing is a viable option for efficient catalyst screening and testing. To this end, the detoxification
of ethyl-paraoxon (pesticide) through a hydrolysis reaction was studied in the loaded capillary flow
reactor. Several parameters were tested including different MOF crystal sizes and functionality.
The operating temperature, concentration, and residence time were also tested. Finally, the catalyst
was tested for a long period of time under continuous flow to check its stability.

2. Results

2.1. MOF Synthesis, Loading Sieved Catalysts in the Capillary Flow Reactor and Analysis of the Catalyst Bed

All reagents were purchased from commercial sources and used without further purification.
UiO-66-14nm (1), UiO-66-200nm (2), UiO-66-540nm (3), UiO-66-NH,-14nm (4), and ethyl-paraoxon
were synthesized according to literature procedures (see the Supplementary Materials) [31,32].

To prepare the particles suitable for microreactor loading, the as-synthesized MOF powders were
tableted for 5 min using a bench-top tablet press at 10 tons for a tablet diameter of 13 mm. The tablet
was then crushed using a hand mortar and sieved. Particle sizes in the sieved fraction ranged from 45
to 125 um and from 125 to 250 um were collected for reactor loading. The process was repeated several
times until a sufficient amount of powder in the targeted ranges was obtained. The sieved catalyst
was then loaded into the 15 cm capillary tube with an internal diameter of 1.55 mm. The capillary
loaded with the catalyst was secured from both sides by inserting glass wool. A quantity of catalyst
ranging from 35 to 60 mg was loaded into each capillary, resulting in loaded catalyst lengths of 28
to 37 mm. The six capillary tubes prepared according to this method are summarized in Table 1.
For example, reactor 1a represents the capillary tube loaded with a 30 mm catalyst bed of 35 mg of
particles, with particle size fractions between 125 and 250 um and prepared with UiO66_14nm and
UiO66 MOF with an average crystal size of 14 nm.

Table 1. Catalyst-loaded capillary reactors used in this study.

Reactor Loaded UiO66 Amount (mg) Length (mm) Sieved Fraction (um)
1la UiO66_14nm 35 30 125-250
1b Ui066_14nm 45 28 45-125
2a UiO66_200nm 39 29 125-250
3a Ui066_540nm 60 37 125-250
4a UiO66-NH,_14nm 28 36 125-250
4b UiO66-NH;_14nm 35 30 45-125

Table 2 presents the Langmuir surface area of as-synthesized MOF samples after tableting and
sieving and a sample analyzed after the reaction. The surface area measurements for as-synthesized
MOF was similar to what is reported in the literature [33,34]. The surface area of tableted MOF 1a
significantly decreased compared to as-synthesized UiO66, 1, although no damage to the crystal
structure was incurred as observed by the powder X-ray diffraction (PXRD) patterns, which are shown
in the supplementary material. A similar decrease in the surface area after the tableting and sieving
process was also observed for catalyst 4a. A significant decrease in surface area for catalysts 2a and 3a,
with larger crystal sizes, has also been previously reported [35]. We also observed that the surface area
of catalyst 1aAR recovered after the reaction decreased compared to the surface area measured before
loading, which may be due to the substrate or product being trapped in the pores of the catalyst during
the flow reaction. The as-synthesized, tableted, and sieved catalysts were also analyzed by transmission
electron microscopy (TEM), scanning electron microscopy (SEM), and energy dispersive X-ray analysis
EDX-elemental mapping and PXRD techniques. Despite the observed decrease in the surface area,
these measurements showed that the structure and integrity of the particles were preserved during the
flow reactions, in agreement with previous observations on the mechanical and chemical stability of
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UiO66 MOFs. Detailed TEM, SEM, and EDX-elemental mapping and Brunauer-Emmett-Teller (BET)
and PXRD analysis data are provided in the Supplementary Materials, Figures 51-517.

Table 2. Langmuir surface areas of prepared UiO66-based MOFs.

MOF Langmuir Surface Area (m? g~1)

1 1280
1a 1102
1a AR 1218
2a 628
3a 230
4 1317
4a 1246

AR After catalytic run.

2.2. Catalyst Testing for Ethyl Paraoxon Hydrolysis and Analysis

The experimental setup for the flow microreactor is shown in Figure 1. It consisted of a syringe
pump that enabled the microreactor flow rates to be controlled. The 12 mL syringe was filled with the
buffer solution of the 3.4 g/L (0.012 mol/L) organophosphorus agent and connected to the reactor via
capillary tubes. The reactions were conducted at different temperatures by placing the microreactor
in a heated water bath. The products were collected in small batches of less than 0.2 mL and the
yields were measured offline via UV spectroscopy by comparing the absorbance of p-nitrophenoxide
at 405 nm in the product mixture to the calibration curve. The calibration curve and further details
about the UV analysis are provided in the Supplementary Materials, Figure S18.

L 25 UiO66 (~14 nm)
° NO, 2.3A(93%)
o\\& + /©/ s 9 0.25 mL/min
o'\ (vi = 1.8A(73 %)
oH WO < 0.5 mL/min
e 15
! > o
M 5 1.0 A(41 %)
_ z 1 1 mU/min
(iv) S
f E 05
- R P 400 nm, 0.14 A
/ 250 300 350 400 450 500
(v) Wavelength (nm)

Figure 1. Experimental testing setup and analysis. (i) Syringe pump, (ii) water bath, (iii) loaded MOF
catalyst in a capillary flow reactor, (iv) collected sample in a vial, (v) UV-Vis spectroscopy, (vi) example
of one of the results, including reference starting solution.

After the catalyst was loaded, the loaded microreactors were tested for a pressure drop at three flow
rates of 0.5, 1, and 1.5 mL/min using water. A very high pressure drop was observed in reactors 1b and 4b
(Table 1) with sieved particle sizes between 45 and 125 um that resulted in catalyst particle movement and
the formation of a segregated channeled catalyst bed. For reactors loaded with larger sieved particle sizes
of 125 to 250 pm, the catalyst bed was stable and demonstrated reproducible performance. MOF catalyst
particles larger than 125 um were therefore tested in catalytic runs in the capillary flow reactor.

Figure 2 summarizes all of the flow reactions conducted in this study. Results are presented in
terms of yield versus liquid hourly space velocity (LHSV, flow rate divided by amount of loaded
catalyst). For reactor 1a tested in an ambient temperature, yields in excess of 93% in less than 15 s were
obtained, corresponding to an LHSV of 7.1 L/min/kg (a liquid flow rate of 0.25 mL/min). The yield
decreased linearly as the flow rate increased. A good level of reproducibility was observed, with a yield
fluctuation of +2%. Reactor 1b, loaded with the same MOF catalyst but a smaller particle size (with a
sieved fraction between 45 and 125 pm), demonstrated a significantly lower yield (see Figure 519 in
Supplementary Materials). As mentioned earlier, the catalyst bed was not stable for sieved fractions
smaller than 125 um, resulting in segregation and channeling because of the very high pressure drop.
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Figure 2. The plot of yield vs. liquid hourly space velocity (LHSV) for reactors 1-4.

UiO66 crystal sizes of 14, 200, and 540 nm, 1a, 2a, and 3a, respectively, were tested, as shown
in Figure 2. These MOFs were all prepared according to the procedure described by Morris et al.,
in which the average MOF particle size was controlled by the amount of acid used in the synthesis,
whereby using a larger amount of acid in the MOF synthesis leads to the formation of MOFs with larger
crystal size [31]. Increasing the crystal sizes decreased the yield at a given LHSV. This is consistent
with the results reported in the literature. Since the reaction is considered to occur at the surface
of the crystal, catalysts with a smaller crystal size will have more surface area accessible and more
activity [36]. The yield trend for larger crystal sizes of 200 nm (2a) and 540 nm (3a) was different
than that of 1a, indicating that other factors influence the activity. It could be that when crystal size
increases, the interparticle pore structure in the crystal aggregate is altered to reduce the accessibility
of the catalytically active sites. The effect of the -NHj group in the MOF linker on catalyst activity was
also tested. As expected, the presence of the -NH,; group in the MOF resulted in a significant increase
in catalyst activity, in agreement with prior reports [37].

The long-term stability of the catalyst under the flow conditions was tested by running the
reference catalyst in reactor 1a for 18 h at a liquid flow rate of 0.5 mL/min at 20 °C with periodic
sampling, as shown in Figure 3. As can be seen in the figure, catalyst activity remained level throughout
the testing period. This excellent stability over time suggests good potential for future practical
applications of MOF catalysts in flow reactors.
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Figure 3. Stability of reaction yield for reference case of reactor 1a tested for 18 h at liquid flow rate of
0.5 mL/min and 20 °C.
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2.3. Catalyst Kinetic Evaluation Based on Initial Rates

The effect of temperature on catalyst performance is shown in Figure 2 for reactor 1a. The flow
microreactor enabled multiple space times and temperatures to be easily tested. This is a significant
advantage over batch reactors where each condition requires a separate reaction setup. The kinetic
measurements of catalyst 1a were found to nicely fit first-order reaction kinetics, as shown in Figure 4.
Using the Arrhenius plot, the apparent activation energy was estimated as 8.8 kJ/mol. Although the
response to temperature is evident in Figure 4, the process may be limited by internal mass transfer
limitation, as the apparent activation energy (Ea) value could be considered low [38]. To provide
conclusive answers on mass transfer limitations, a dedicated study in which various particle size
ranges and loading lengths are tested at different temperatures is required.

4
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Figure 4. Arrhenius plot of catalyst 1a loaded in reactor 1, which followed first-order reaction kinetics.

3. Materials and Methods

3.1. Materials

All air- or water-sensitive reactions were carried out in a nitrogen atmosphere using oven-dried
glassware. All syntheses of oven-based UiO66 and the derivative MOFs were carried out in explosion-
proof HERAtherm OMS-100 (Thermo Fisher Scientific, Waltham, MA, USA) ovens that had been
pre-heated to a specific temperature. All sonication was carried out with a Fisher Scientific Ultrasonic
Cleaner FS60 (Thermo Fisher Scientific, Waltham, MA, USA). Anhydrous solvents in Sure/Seal™
bottles were purchased from the Aldrich Chemical Company (Milwaukee, WI, USA) and used as
received inside a nitrogen-filled KIYON Glovebox (Korea Kiyon Glovebox System, Seoul, South Korea).
All other reagents were purchased from the Aldrich Chemical Company (Milwaukee, WI, USA) and
used without further purification unless otherwise noted.

Powder XRD spectra were collected using a Rigaku Ultima IV multipurpose X-ray diffractometer
equipped with Cu-K« radiation and a fixed monochromator. The XRD was operated at 40 KV and
40 mA and a fixed time-scan mode with a 0.02-degree step width and 1 s/step count time used for data
collected from 5 to 90 degrees.

For scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS), an FEI Quanta
400 environmental scanning electron microscope was used to collect high-resolution SEM images.
The SEM was operated at an acceleration voltage of 30 KV and the working distance was 6.5 mm.
An EDAX Apollo EDS system was used for EDS signal collection and analysis.

Transmission electron microscopy images were collected using a Thermo Fisher company
TalosF200x model with a super X EDS system. Powder 1 or 2 was dispersed in isopropyl alcohol and
sonicated for about 5 min. An amount of 20 uL of the dispersed solution was dropped over a 300 mesh
coppet/lacey carbon grid and dried at room temperature for TEM analysis.
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For N, gas sorption analysis, the MOF samples for analysis were heated under vacuum overnight
at 150 °C to remove the solvents trapped within the pores prior to analysis. Following this, an ~50 mg
sample was transferred to pre-weighed sample tubes and degassed at 150 °C for 3 h by a Micromeritics
Flow prep 060 sample degassing system. After degassing, the MOF sample tubes were re-weighed to
obtain the mass for the samples. Sorption data with the Brunauer—Emmett—Teller method (BET) and
the Langmuir surface area (m?/g) measurements were collected at 77 K with N, on a Micromeritics
TriStar II 3020 surface area and porosity system adsorption analyzer. The BET surface area and pore
volume of prepared MOFs are shown in Supplementary Materials Table S1.

For the continuous-flow reaction, the MOF catalyst was loaded in transparent 1/8” Radel® tubing
with an inner diameter of 1.55 mm. Glass wool was used to hold the catalyst inside the reactor.
A syringe pump was used to pump the reaction solution through 1/16” peek tubing connected to the
packed reactor capillary and placed in a water bath to control the temperature, as shown in Figure 1.
Before starting all flow runs, the packed microreactor was run under the flow of pure solvent to remove
any components from the catalyst bed and perform the pressure drop test. Then a syringe was loaded
with the chemical solution of ethyl paraoxon at a concentration of 0.061 M in a buffer solution of
0.1 M N-methylmorpholine. Multiple samples were collected from each condition and analyzed using
UV-Vis measurements calibrated beforehand based on the product concentration.

UV—Vis spectra were recorded using quartz cells with a path length of 10 mm at room temperature
with a Perkin Elmer UV/Vis/NIR spectrophotometer model Lambda 950; analysis was carried out
using the UVwinLab software. The spectral baseline was corrected with Cary Win UV software.
Progress of the reaction was monitored by following the p-nitrophenoxide absorbance at 405 nm to
avoid overlapping absorptions with other species. Yields were calculated based on the calibration run
of para-nitrophenol solutions in known concentrations (Supplementary Materials Figure 516).

3.2. Synthesis
3.2.1. UiO66 MOF Nano-Catalyst Synthesis

Synthesis of UiO-66_14 nm (1) and UiO-66-NH;_14 nm (4)

All UiO-66 MOF materials with 14 (1), 200 (2), and 540 (3) nm and UiO-66-NH; MOF materials in
14 nm (4) were prepared and activated according to previously reported procedure by Morris et al. [31]
with slight modifications. The 1,4-benzenedicarboxylic acid (500 mg, 3.0 mmol) was dissolved in
10 mL of N,N-dimethylformamide (DMF). In a separate vial, zirconyl chloride octahydrate (270 mg,
0.83 mmol) was dissolved in 30 mL of DMF. The two solutions were mixed together in a 100 mL
Erlenmeyer flask and acetic acid (3 mL) was added to the reaction mixture. The solution was mixed well
to obtain a homogeneous solution. The homogeneous solution was separated into seven 15 mL glass
vials, with approximately 6 mL in each vial. The solution vials were heated at 90 °C for 18 h to yield
UiO-66 with an average size of 14 nm (UiO-66_14nm (1). The MOF nanoparticles were purified by
centrifugation (10,000 rpm, 30 min) followed by a solvent exchange (3x DMF and 3x H,O) overa 24 h
period. Similar procedure was followed for UiO-66-NH>_14nm (4) for MOF synthesis and purification.
2-amino-1-4-benzenedicarboxylic acid was used in this reaction instead of 1,4-benzenedicarboxylic
acid, but the remaining materials were the same as for UiO-66_14nm (1). To confirm the formation
of product, the crystallinity and particle size of all the synthesized MOF materials were analyzed by
powder X-ray diffraction (PXRD) as well as TEM and SEM EDX-elemental mapping. The analysis data
obtained were verified against the reported results.

Synthesis of UiO-66_200 nm (2) and UiO-66_540 nm (3)

The same synthetic conditions mentioned earlier were used, but the volume of acetic acid was
changed from 3 to 21 and 35 mL for UiO-66_200 (2) and UiO-66_540 nm (3), respectively [31]. Based on
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the methodology used in this paper, increasing the amount of acetic acid in the MOF synthesis
procedure results in larger crystals.

3.2.2. Synthesis of Paraoxon-Ethyl

Paraoxon-ethyl was prepared by following the synthesis method reported by Tamilselvi et al. [32].
Diethyl chlorophosphate (0.860 mL, 5 mmol), p-nitrophenol (0.696 g, 5 mmol), and triethylamine
(0.7 mL) were mixed in diethyl ether (20 mL). After stirring the reaction mixture for 12 h at room
temperature, the reaction mixture was poured into water and the compound was extracted from
the aqueous layer with diethyl ether. The combined organic fractions were evaporated to dryness
to produce a yellow oil, which was subjected to reverse-phase flash chromatography to obtain pure
paraoxon. The formation of paraoxon-ethyl and purity were verified by analyzing with 'H and
3P NMR spectroscopy and comparing the data to reported results.

4. Conclusions

This study demonstrated the application of flow microreactors packed with catalysts derived
from UiO-66 MOF for the hydrolysis of ethyl paraoxone. Through the tableting and sieving procedure,
catalysts with a particle size between 125 and 250 um were found to be most suitable for kinetic testing
of this application. Catalysts with a smaller particle size demonstrated a significant pressure drop
that resulted in the segregation and channeling of the packed catalyst bed. Catalysts derived from
MOFs with smaller crystal sizes proved more effective than catalysts derived from MOFs with larger
crystal sizes. The catalyst displayed an excellent long-term stability of more than 18 h of continuous
operation. The presence of -NH,; functionality greatly enhanced catalyst activity in agreement with
previous reports. The flow microreactor setup also allowed us to conduct easy kinetic investigations to
deduce the first-order reaction kinetics and the apparent activation energy for the reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/10/1159/s1:
detailed synthesis methods of 1-4, ethyl-paraoxon, and complete analysis data from Figures S1-519, Table S1.
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