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Rational Synthesis of UiO-66 and its Application in the Hydrogenation Reaction
of p-Chloronitrobenzene

Hydrogenation is a widely used reaction in the oil processing and industrial organic synthesis. UiO-66 is a
promising porous organic-inorganic material that can be used as a support for catalytically active particles.
The key part in the application of highly porous UiO-66 is the search of a simple synthesis method that meets
international environmental standards. In this study, a “rational” method for the synthesis of MOFs was used
to produce UiO-66. The use of pre-synthesized multinuclear zirconia clusters facilitates the synthesis of the
desired network topology, enabling the process to be conducted in an environmentally friendly aqueous solu-
tion. The effects of reaction temperature, linker volume concentration and solvent type on the specific surface
area and thermal properties were also evaluated in this work. We studied the composition, structure and phys-
icochemical properties of the obtained compounds by IR spectroscopy, TGA and XRD analysis. The pro-
posed procedure has been shown to yield UiO-66 with high specific surface area (Seer = 885 m?/g) and to ex-
tend the thermal stability range up to 490 °C. The post-synthetic modification of the obtained UiO-66 with
the introduction of catalytically active Pd (Pd/UiO-66) was carried out, and high selectivity (83,0 %) of the
obtained Pd/UiO-66 exhibited high selectivity in the hydrogenation reaction of p-chloronitrobenzene into
p-chloroaniline in comparison with the traditional Pd/Al20s.

Keywords: metal-organic frameworks, UiO-66, heterogeneous catalysts, Pd/UiO-66, hydrogenation,
p-Chloronitrobenzene, zirconium complexes, terephthalic acid, hydrogenation of nitroderivatives.

1. Introduction

Metal-organic frameworks (MOFs) represent a novel class of porous materials that offer the potential
for targeted structural design through the modification of either the coordinating metal or organic linkers.
The extended surface area and porosity of MOFs render them suitable for a multitude of applications for gas
storage [1] and separation [2], as photosensitive elements [3], electrolytes [4], adsorbents [5], drug delivery
agents [6], sensor materials [7] and supports in catalytic systems [8]. Such variety of applications is related to
the structure features (various shape and size of pores [9], surface area [10], high crystallinity, etc.) and limit-
less functional properties (magnetic [11], electrically conductive [12], etc.).

The use of MOFs [13] as supports for catalytically active agents [14] is one of the promising routes, be-
cause such structures have a homogeneous porous surface. Heterogeneous catalysis and the creation of novel
types of heterogeneous catalysts [15] are actual directions for research; their development makes the im-
portant industrial processes easier and less expensive by avoiding the final product extraction from solutions
[16]. Heterogeneous catalysts based on MOFs can be industrially utilized with concurrent execution of the
following conditions: the obtained catalysts should demonstrate stable operation at low temperatures of hy-
drogenation process and be insensitive to various impurities contained in the feedstock, while retaining high
catalytic activity or selectivity; maintain long lifetime and be suitable for regeneration with its production
being inexpensive and compliant with enforceable environmental standards [17]. Therefore, this study em-
ploys a “rational” method for the synthesis of MOFs, entailing the use of polynuclear molecular complexes
as a source of secondary building units (SBUs) [18-20]. Pre-synthesized multinuclear clusters directed the
synthesis to the desired network topology; it makes it possible to eliminate toxic coordinating solvents
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(DMF, DEF etc.) and to perform the synthesis in a green aqueous solution [21]. In addition, a rational ap-
proach to the preparation of MOFs avoids the drawbacks of standard solvothermal methods, leading to the
formation of mixed phases and the production of polycrystalline or amorphous structures [22].

Zirconium (1V) [23] is the optimal candidate for use as a framework-forming metal in the creation of
metal-organic coordination polymers (CPs) suitable for heterogeneous catalysis, due to the high chemical,
mechanical and thermal stability of zirconium-based compounds. The hexanuclear Zrs nodes can be treated
as a universal node for coordination of many organic linkers with various topologies. Such nodes have Lewis
acid properties due to the presence of Zr* [24], and metal-organic frameworks based on them can directly
act as catalysts [25]. Nevertheless, in this work the use of zirconium MOFs as a support for catalytically ac-
tive particles is of interest.

In 2008, Cavka et al. [26] synthesized MOFs with Zrg(u3-O)4(u-OH)4 nodes and various ligands for the
first time: terephthalic acid (UiO-66), 4,4'-biphenyl-dicarboxylic acid (UiO-67) and 4,4'-[p-terphenyl]-
dicarboxylic acid (UiO-68). Due to the high coordination number of the zirconium cluster, these structures
have a large specific surface area, high thermal, chemical and mechanical stability in comparison with other
MOFs. However, UiO-66 is the most stable one, due to its smaller pore size. It is known that for porous ma-
terials there is a risk of collapse of the structure during solvent removal, and this effect intensifies with the
increase of the pore size with longer linkers in UiO-67 and UiO-68 [27]. While embracing attractive and ex-
ceptional characteristics, these Zirconium-based metal-organic frameworks (Zr-MOFs) still require further
exploration of their sensitivity towards synthesis conditions [28] and research for an optimal method for their
preparation [29].

The outstanding physicochemical characteristics of UiO-66 became the basis for the application of
these structures in fuel cells [30], catalysis [31, 22], and greenhouse gas adsorption [32]. Zr-MOFs are prom-
ising supports for catalytically active particles which are vastly utilized in hydrogenation reactions [33-35].
We have previously shown that catalytic systems based on Zr-MOFs of UiO-66 series with different linkers
(1,4-benzene dicarboxylic, 2-amino-1,4-benzene dicarboxylic and 2,6-naphthalene dicarboxylic acids)
demonstrate high selectivity in industrially significant reactions such as hydrogenation of phenylacetylene
and allyl alcohol [36].

The reaction for generation of such important organic intermediates as halogenanilines which are wide-
ly used in industrial production of medicines, pesticides and pigments, remains highly relevant when catalyt-
ic properties of hydrogenation catalysts are studied [37]. The most common way to obtain such compounds
is the reduction of the corresponding aromatic nitro derivatives by selective hydrogenation on transition met-
al catalysts [38]. However, high operating costs due to contamination of catalysts during the reaction and low
selectivity hinder the widespread use of such approaches for the production of halogen-containing amines. In
addition, the generation of hydrochloric acid due to dechlorination has an effect on the catalytic activity and
often leads to reactor corrosion [39]. Deep hydrogenation and chlorine removal can be minimized by addi-
tion of inhibitors to the mixture; however this approach is based on a complicated mechanism with an in-
creased number of variables that require careful consideration. Therefore, the development of a new type of
catalysts that can selectively work under soft conditions represents a significant challenge.

Although, the concept of immobilization of nanoparticles onto MOFs matrices has recently been suc-
cessfully demonstrated, attempt at synthesis of chemically stable MOFs based on Zrg(u3-O)4(u3-OH)4 with
high specific surface area in non-toxic solvents is a challenging task. Therefore, the aim of this research is to
address the challenges associated with the development of catalytic hydrogenation systems based on a novel
class of porous materials that can operate effectively under mild conditions, while also being cost-effective
and in compliance with international environmental standards. The proposed approach involves a method for
the synthesis of highly porous MOFs.

This work presents the optimization of the synthesis methodology of coordination polymer
[Zrs04(OH)4(CsH404)6]n for the creation of UiO-66-based nanostructured Pd-containing heterogeneous cata-
lyst with improved specific surface area and thermal properties. Furthermore the catalytic properties of the
obtained Pd/UiO-66 in the hydrogenation reaction of p-chloronitrobenzene have been studied.

2. Experimental

2.1. Reactants and reagents

Potassium chloride (KCI, ch.pr.), palladium (I1) chloride (PdCl,, ch.pr.), zirconyl chloride octahydrate
(ZrOCl,-8H20, p.a.), terephthalic acid (CsHsOs4, TPA, p.a.), 1-chloro-4-nitrobenzene (CsH.CINO,, ch.pr.),
acetic acid (CHsCOOH, p.a), sodium borohydride (NaBHsa, p.a), sodium hydroxide (NaOH, p.a.), anhydrous
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y-aluminum oxide powder (y-Al.Os, SBET = 40-50 m?/g, tech.), hydrochloric acid (HCI) were purchased
from Ruskhim chemical company (Moscow, Russia) and were used without further purification). Polyeth-
ylene Glycol 1500 (PEG-1500, H(OCH.CH2),OH, for synthesis) was supplied by Aldrich company. Ethanol,
acetonitrile, isopropy! alcohol and cyclohexene of REAKHIM grades were supplied by Chimmed Group and
purified according to standard methods. The purity was confirmed by High-Performance Liquid Chromatog-
raphy (HPLC).

2.2. Synthesis methods

2.2.1. Synthesis methodology of coordination polymer based on pre-synthesized cluster
[ZI’504(OH)4(CH3COO)12]

1) In the initial stage of the procedure, 5 mL of 2M CH3;COOH was added dropwise to 5 mL of 1M
ZrOCl,-8H0 to obtain a hexanuclear zirconium cluster according to the procedure from the literature [40].
The mixture was cured at 55 °C for 120 min.

2) At the next step, 0.814 g (4.9 mmol) of terephthalic acid dissolved in aqueous KOH or DMF solution
according to Table 1 was added to the mixture to obtain UiO-66. For some experiments CH3COOH was also
added to the TPA solution to increase the crystallinity of the obtained polymers. The mixture was left at the
fixed temperature for 120 minutes upon the addition of the organic ligand solution. The obtained coordina-
tion polymers were extracted by centrifugation at 4500 rev/min and flushed with solvent several times. The
samples were treated with methanol in a Soxhlet extractor (16 h, 70 °C) and subsequently dried in vacuum
(102 Torr, 55 °C, 10 h) in order to remove the solvent that had been physically adsorbed in the pores.

Table 1
Conditions for the synthesis of samples representing MOFs of UiO-66 type

Sample Solvent Solvenr;\ll_olume, Reaction toecmperature, m(CH3COOH), g | Mixing speed, rev/min
Sample 1 H20 25 25 - 200
Sample 2 H20 100 25 - 1000
Sample 3 H20 25 50 - 200
Sample 4 H20 25 75 - 200
Sample 5 DMF 15 25 — 200
Sample 6 H20 25 25 5.4 200
Sample 7 DMF 15 25 5.4 200

2.2.2. Methodology for encapsulation of Pd nanoparticles into the pores of metal-organic frame-
works [36]

Using the selected sample, a heterogeneous catalyst was prepared at a rate of 0.5 % Pd per 1 g of sup-
port. To this end, 0.017 g (0.095 mmol) of PdCl, was dissolved in 100 mL of methanol in the presence of
0.019 g (0.254 mmol) of KCI to obtain the soluble salt K,PdCls. Then 0.2 g of PEG-1500 and 1 g of coordi-
nation polymer were added to the solution. The mixture was kept for 150 minutes at 68 °C until the precipi-
tate acquired a distinctive dark brown color. The product was extracted by centrifugation and subjected to
vacuum drying (102 Torr, 55 °C, 10 h). The ratio of the reactants was increased up to 4 times to obtain a
heterogeneous catalyst containing 2 % Pd.

2.2.3. Synthesis of a compare catalyst Pd/Al,O3

A solution of palladium chloride was added in portions of 2-3 mL to 100 mL of aqueous suspension of
v-AlLOs with a concentration of 50 g/L heated to 50 °C. The reaction mixture was kept under stirring at mag-
netic stirrer (200 rev/min) and temperature 50 °C for one hour.

PdCl; (0.250 g, 1.41 mmol) was dissolved in 25 mL of water by adding 1.4 mL of 18.5 % HCI solution
(7 mmol). Once the palladium chloride had been fully dissolved, the pH was increased to neutral (pH = 6-7)
by the addition of 1 M NaOH.

An alkaline aqueous solution of NaBH. (1.41 mmol, m(NaBH.)/m(NaOH) = 0,1) was added dropwise
to the obtained suspension to recover Pd. The mixture was stepwise cured out at 50 °C for 30 minutes and at
90 °C for 30 minutes under stirring conditions on a magnetic stirrer (200 rev/min). The obtained catalyst was
separated by filtration and dried in an oven (60 °C, 10 h).
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2.3. Research techniques

2.3.1. X-ray diffraction

X-ray diffraction analysis of the samples was conducted on a powder diffractometer Aeris Benchtop
(Malvern PANalytical, the Netherlands) in the range of scattering angles from 5 to 50 °C (scanning step
20 — 0.002°C, emission — CuK,, A = 1,5406 A).

2.3.2. Fourier transform infrared spectroscopy (FT-IR).

The identification of functional groups of the obtained compounds was carried out on a Perkin-Elmer
Spectrum 100 infrared Fourier spectrometer (USA, 2006) equipped with an attachment for frustrated total
internal reflection (FTIR) with a diamond prism for single reflection. The penetration depth for the material
with deep refractive index (2.43) at 1000 cm is 1.66 microns. FT-IR-FTIR spectra were recorded in the
range of 3604000 cm™ at room temperature using 24 scans and the definition of 2 cm™. The baseline of the
obtained spectra was corrected in the OPUS program.

2.3.3. ldentification of specific surface area and porosity

The specific surface area of samples, average radius and pore size distribution were determined by low-
temperature nitrogen adsorption (at 77 K) on the sorption analyzer “AUTOSORB-1” (“Quantachrome”,
USA) by static volumetric method. The interaction between adsorbent and adsorbate in porous solids occurs
by physisorption process, which makes the specific surface area an important property. The Brunauer-
Emmett-Teller (BET) model was used to determine the surface area of porous materials from the isotherms
of N, gas adsorption. The BET method is based on the hypothesis of multilayer adsorption proceeding
through the formation of a monolayer of adsorbent molecules on the adsorbate surface.

The shape of six types of adsorption-desorption isotherms gives information about the presence of mi-
cro- and mesopores, as well as the shape of pores if the isotherm has a hysteresis loop. The volume and sur-
face of micropores were determined by the t-method, and the distribution of pore volume was plotted using
the BJH theory [41].

2.3.4. Thermogravimetric analysis

The thermal stability of composites was evaluated by the temperature of the start of decarboxylation by
thermogravimetric analysis using a TGA/SDTA851e METTLER TOLEDO thermal analyzer (Mettler Tole-
do, Switzerland). The samples were heated in a nitrogen atmosphere at a heating rate of 10 °C/min at a tem-
perature range extending from 25 to 550 °C.

2.3.5. Elemental analysis

Elemental analysis was performed to determine the concentration of nanoparticles on the surface of cat-
alytic systems. The Pd concentration was determined using the atomic absorption spectro-meter “AAS-3”
(Zeiss, Germany).

2.3.6. Methodology for determination of catalytic activity

The process of hydrogenation of p-chloronitrobenzene (1.0 + 0.001 g) was carried out in a duck-type
non-flow glass reactor in isopropyl alcohol at fixed atmospheric hydrogen pressure (0.1 MPa) and tempera-
ture 48.5 °C under intensive stirring conditions (180-240 shakes per minute). The amounts of catalysts were
0.3 + 0.005 g. Hydrogen was supplied to the reactor from a calibrated receiver with a water gate. The partial
pressure of water vapor was subtracted from the total atmospheric pressure to determine the own gas pres-
sure, then the gas volume was normalized. The catalyst was treated with hydrogen for 15 minutes in the reac-
tor under stirring before the addition of p-chloronitrobenzene. The reaction rate was calculated graphically
from the slope of the starting parts of the kinetic curves of hydrogen flow rate.

2.3.7. Methodology for the study of mixture composition

Progress of the hydrogenation of p-chloronitrobenzene was investigated by HPLC method on Helicon
EX-1800 machine (Wufeng, China). Chromatograms were recorded on Orbit C18 column (150x4.6 mm,
5 mm) using acetonitrile/water mixture (6/4) at 40 °C and flow rate of 1 mL/min. The detector wavelengths
were 254 and 290 nm.

3. Results and Discussion

3.1. Composition and structure of synthesized MOFs

The most common method for the obtaining of zirconium-based metal-organic coordination polymers is
the direct mixing of the metal salt and the selected linker in DMF solution, as the majority of dicarboxylic
aromatic acids are insoluble [42-46]. However, such process may lead to generation of different phases,
which does not yield the desired structural topology [22, 47]. Accordingly, a “rational” method for the syn-
thesis of MOFs, using polynuclear molecular complexes as sources of secondary building units, was em-
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ployed in this work. Previously, we demonstrated the versatility of this approach to obtain a series of UiO-66
isostructural MOFs with different organic ligands (1,4-benzene dicarboxylic, 2-amino-1,4-benzene dicar-
boxylic, and 2,6-naphthalenedicarboxylic acids) [36]. However, the resulting MOFs exhibited reduced sur-
face areas; therefore, the proposed methodology for the synthesis of UiO-66 coordination polymer was im-
proved in this work.

A series of UiO-66-type MOFs was obtained through the initial formation of a hexanuclear zirconium ace-
tate complex with further replacement of the acetic acid residues with terephthalic acid residues (Table 1).

The system of chemical equations describing the proposed low-temperature process of obtaining the
UiO series coordination polymers with the terephthalic organic ligand is presented below:

Step 1. Formation of inorganic building block:
ZrCls + H,0 — ZrOCl, + 2HCI
6ZrOCl; +12CH3;COOH — ZrsO4(OH)4(CHsCOO0)1, + 12HCI pH = 1,5; 55 °C

Step 2. Synthesis of UiO-66
CgHeOs+ 2KOH — KoCgH40O4 +2H,0
ZI’GO4(OH)4(CH3COO)12 + 6K>,CgH404 — [ZI‘eO4(OH)4(C8H4O4)5]n + 12CH3;COOK

The impact of reaction temperature, linker volume concentration and solvent polarity on the specific
surface area and thermal properties was also evaluated in this work (Table 1). It was shown that the increase
of the reaction temperature up to 75 °C leads to the formation of mixed crystalline and amorphous products
(Fig. 1, Sample 4). The use of DMF as a solvent resulted in the formation of a gel phase, which presented
challenges in terms of solvent removal and the extraction of the pure product (Table 3).

3.1.1. Phase composition

The structures of the coordination polymers were confirmed by X-ray diffraction analysis. Most of the
obtained samples had X-ray diffractograms with narrow diffraction maximumes, it indicates the mainly crys-
talline-lytic phase state (Fig. 1). The observed peaks position agrees with the calculated spectrum taken from
the literature [26] and confirms the structure of the samples. The formation of mixed phases with increasing
synthesis temperature is confirmed by detecting multiple secondary reflections on the X-ray diffraction pat-
tern of Sample 4 (reaction temperature — 75 °C). Additionally the formation of by-products is observed
with increasing temperature (2 ©° = 28,43). The formation of an arm below 7° for Sample 5 obtained in
DMF may be associated with the reflection plane 110 and reo phase defects [48-50]. The broadening of the
main peak, can also be attributed to the presence of defects in the structure, which may be explained by the
competition between acetic and terephthalic acids for carboxylate sites on ZrsO4(OH)4(COO)1. clusters [49].
It is known that defects in the structure of MOFs increase the catalytic activity indicating that inorganic
nodes can be conceptualized as Lewis/Brensted centers [51, 52].

7,39 7,32
w0l weof /] Sample 5
l—— CCDC 2054314
6600 |- 1120 -
8,22
8,53 :
3300 - 7 560 -
14771713 2578 3077 4351 1735 277308 4351
vy /7 )i \ / /
ol M R 0k
1140 726 ., 360 / Sample 4
z —— Sample 2 5
& 760 | P & 240 |
[} (5]
- -
c c
= 380 - =120 }
© 2571 o
= / >
= of A &g or
?) [«5)
o 7,50 o 739
1
= e
—— Sample 1 Sample 3
1100 - 1260 |
8,53 8,51
550 - / 25,83 630 - 25,84
1495 1729 2583082 4358 gt 5P nm 4w
v/ / \ N | \
0r 0+
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
20,° 20,°

Figure 1. X-ray diffraction patterns of synthesized MOFs

96 Eurasian Journal of Chemistry. 2024, Vol. 29, No. 3(115)



Rational Synthesis of UiO-66 and its Application ...

3.1.2. Identification of functional groups by FTIR-ATR spectroscopy

The primary obtaining of the hexanuclear zirconium acetate complex ZrgO4(OH)4(COQ)1, with the for-
mation of coordination polymers by replacement of the acetic acid residues with terephthalic acid residues
occurs during the synthesis. However, the exchange reaction may not occur completely in the case of high
temperature synthesis, as evidenced by the detection of absorption bands characteristic of terephthalic acid
(Fig. 2). For instance, bands of asymmetric vibrations of the —CO (in COQO") appear in the region of
1676 cmt for Samples 3 and 4. Probably, the formation of the target product occurs worse at high tempera-
tures of UiO-66 coordination polymer synthesis. This may be due to unfavorable reactions, which suggests
that a temperature range limitation is necessary for the target exchange reaction. For Sample 5, the intensity
of the —CO bond bands was lower, but the presence of the non-reacted acid band was also observed. The
specific for the Zr-O bond absorption bands at 470 cm™ were observed for each of the samples.
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Figure 2. FTIR-ATR spectra of synthesized MOFs

The addition of modulator can reduce the rate of nucleation and delay crystal growth. Consequently, it
leads to the formation of highly crystalline coordination polymers (examples of this approach are known
from the literature [53]). Therefore, we attempted to improve the crystallinity of the samples by adding ex-
cess of acetic acid. The samples were obtained in aqueous solution (Sample 6) and in DMF (Sample 7) and
their structures were studied by IR spectroscopy (Figure 3). IR spectra of the obtained samples are totally
identical to the spectrum of the initial ligand. That demonstrated the impossibility of formation of the coordi-
nation polymer structure under these conditions. Therefore, we demonstrated the impracticality of increasing
the amount of acetic acid to achieve higher crystallinity in the case of the used methodology.
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Figure 3. FTIR-ATR spectra of samples synthesized with addition of excessive acetic acid
during the synthesis compared to the original ligand (TPA)
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3.1.3 Results of the study of specific surface area

The major property of supports of catalytically active particles is the developed specific surface area;
therefore, it was important to evaluate this property of the obtained coordination polymers. According to the
nitrogen adsorption-desorption isotherms (Fig. 4), all the obtained MOFs have developed specific surface
area. The isotherms are classified as type 1V according to the IUPAC classification, with a hysteresis loop
indicating the mesoporous structure of the samples. The hysteresis shape of the isotherm of Sample 1 indi-
cates nearly cylindrical pores (type H1). The other samples have an irregular, more chaotic pore structure
with hysteresis type H2.

In order to characterize the porosity of the obtained catalysts in details, the external surface area was es-
timated. It is known that nanoparticles of catalytically active metal can potentially be localized directly in
external pores (Sexemal / Sge). It is shown that the use of terephthalic acid solution at low volume concentra-
tion during synthesis (Sample 2) leads to a considerable proportion of the external surface area of the ob-
tained coordination polymer accounting for approximately 60 %. Sample 2 has the highest share of external
surface area, so it was selected for further use as a support for catalytically active particles (Table 2).

The share of micropores unsuitable for encapsulation of Pd nanoparticles grows with increasing reac-
tion temperature (Samples 3, 4); therefore, it was optimal to carry out the synthesis at room-temperature. It
should be noted that the determined values of specific surface area for UiO-66 are comparable to the values
obtained in DMF, but they remain below the theoretical maximum (Table 4).

Table 2

Specific surface area, volume of pores and average pore diameter of the synthesized MOFs

Average pore t-method
2 3
Sample Seer. MG | Ve M9 | Giameter, nm | Swio, Mg | Sexarat, Mg | Sexeral Soer, %
Sample 1 885+ 71 0.80 + 0.06 8.9+0.7 362+ 72 523+ 42 59.1
Sample 2 707 +£ 57 0.29 +0.02 3.6+0.3 193 + 39 514+ 41 72.7
Sample 3 726 + 58 0.23 +£0.02 3.6+0.3 389 + 78 338 £27 46.5
Sample 4 760 + 61 0.28 £0.02 3.6+0.3 402 + 80 359 +29 47.1
Sample 5 801 + 64 0.53 +£0.04 6.0+ 0.5 383 + 78 418 + 33 52.2
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Figure 4. Nitrogen adsorption-desorption isotherms (a) and pore size distribution (b) of the synthesized MOFs
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3.1.4. The results of the thermal stability

All samples have three stages of mass loss according to the TGA curves (Fig. 5). The first stage, at
temperatures up to 200 °C, involved the elimination of the residual solvent physically adsorbed in the pores
of the coordination polymers. This high temperature of mass loss is caused by strong coordinating interac-
tions. The following step included decarboxylation. A deeper decomposition of the coordination polymer
framework with the formation of zirconium oxide occurred at temperatures above 450 °C.

Sample 5, synthesized using DMF solvent, contained more sorbed solvent molecules and had the low-
est temperature of 10 % mass loss at the first stage of decomposition (207 °C) (Table 3). This may be caused
by the formation of a gel phase during synthesis, making it difficult to remove the solvent when drying the
sample, as well as the stronger interactions between DMF molecules and zirconium metal centers [54].

Table 3

Results of thermogravimetric analysis of UiO-66 samples obtained under different conditions

Am Residual mass
Sample Ts o, °C T109%, °C T209%, °C Ta09%, °C Trmax, °C 25'4050’ at 600 °C,
mass % 0
mass %
Sample 1 345 490 539 554 552 7,6 43,7
Sample 2 161 333 527 553 557 12,9 46,7
Sample 3 165 337 532 557 554 12,6 41,6
Sample 4 180 341 529 555 557 13,1 429
Sample 5 111 206 512 546 553 15,6 47,3
Note — Tso, T109%, T20%, T30%— temperatures of 5 %, 10 %, 20 %, 30 % mass loss; Tmax — temperature of maximum decomposition
rate according to DTG curve
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Figure 5. TGA curves (a) and their differential form (b) of UiO-66 samples obtained under different conditions

The results of thermogravimetric analysis demonstrated high thermal stability of the samples and the
potential for practical application at temperatures up to 450 °C. Moreover, for Sample 1, the mass loss at this
temperature was about 7.6 %, indicating the absence of decarboxylation with preservation of structure at
high temperatures.

As a result of this research, a sample indicated as Sample 1 was selected as a support, having an opti-
mal surface area with a high share of external pores (which can potentially be filled with catalytically active
metal nanoparticles), high thermal stability and chemical purity.

The physicochemical properties of the investigated coordination polymer were compared with the pre-
viously obtained sample [36] ([ZrsO4(OH)4(terephthalic acid)iz]n, Seer = 360 + 29 m?/g, Ti0% = 146.62 +
0.01 °C). As a result, the present method provides a 2,5-fold increase of the specific surface area from 360 to
885 m?/g and extends the range of thermal stability up to 490 °C (Table 4). Solvothermal, microwave, elec-
trochemical or mechanical methods are most commonly used to produce UiO-66. It is noted that the use of
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microwave oven can increase the nucleation rate of synthesis and electrochemical methods can provide more
accurate control of process parameters [43, 45, 55, 56]. Most of the methods use DMF as solvent, and modu-
lation approaches restricting crystal growth are used to obtain more crystalline products. The major signifi-
cance for the formation of the target structure in such reactions is the molar ratio of modulator and Zr [50]. In
this work, the increase of modulator amount above equimolar values prevented the formation of the desired
structure in aqueous solution synthesis. Obviously, the concentration of the modulator plays a crucial role in
the formation of UiO-66, as it is necessary to select the concentration of the competing ligand to achieve a
process that limits crystal growth.

Table 4

Comparison table of physicochemical properties of UiO-66 obtained under different reaction conditions

Sample Synthesis conditions Ti0u, °C Sger, m?/g Ref.
[Zrs04(OH)4(TFA)12]n(UiO-66) | ZrCls, CH3COOH, H,0, 55 °C | 146,62 £ 0,01 360 +£29 [36]
[Zrs04(OH)4(TFA)12]n(Ui0-66) |ZrOCl;, CHsCOOH, H20, 25 °C| 490,54 + 0,01 885+ 71 This work

UiO-66 ZrCly, DMF, 120 °C - 410 [50]

UiO-66 ZrCly, HCI, DMF, 120 °C - 212-1647 [50]

UiO-66 ZrCl;, DMF/H,0 = 100, 120°C. - 940 [54]

. Zr(OnPr)s, DMF/1-propanol,
Ui0-66 (OnPr) CH3CO£H,p2 s - 960-1290 [57]
UiO-66 ZrOCl,, DMF, 60 °C - 634 [58]

3.2. Catalytic properties of the synthesized Pd-doped catalysts

3.2.1. Hydrogenation of cyclohexene

Catalytic system was synthesized based on the obtained coordination polymer by applying of 0,5 wt%
palladium nanoparticles on 1 gram of support and three cycles of cyclohexene hydrogenation reaction were
carried out to compare and evaluate the catalytic activity.

1404, = 885 m?%/g Pd/UiO-66 (1 cycle)
=120 m— 885 m?/g Pd/UiO-66 (3 cycle)
i = 360 m?/g Pd/Ui0-66 (1 cycle)
T 100 360 m?%g Pd/UiO-66 (3 cycle)
=
g 80 +
= 60+
(=]

g 40-
=
20+
0 T T T T T T T T T T T 1
0 10 20 30 40 50 60

t, min
Figure 6. Dependence of cyclohexene hydrogenation rate on the reaction time in repeated cycles

Figure 6 shows that the use of the obtained coordination polymer with improved characteristics in-
creased the initial hydrogenation rate by 3 times and reduced the total process time from ~90 to ~60 minutes.

3.2.2. Hydrogenation reaction of p-chloronitrobenzene

The catalytic properties were investigated in the industrially important hydrogenation reaction of p-
chloronitrobenzene. Selective hydrogenation of nitro derivatives of benzene to obtain halogen substituted
products is an important problem, since such compounds are widely used in the production of drugs, pesti-
cides and pigments [37]. In addition, the dechlorination of benzene amino derivatives is often accompanied
by the release of active chlorine and hydrochloric acid (Scheme 1), leading to corrosion and environmental
pollution [39], so minimizing of this process is an important issue.
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Scheme 1. Main paths of nitrochlorobenzene hydrogenation reaction

The catalytic system comprising Pd 1.7 + 0.1 wt.%/g of support was obtained based on the synthesized
Sample 1. Its characteristics were compared with the commercial Pd/Al.O; catalyst (palladium content —
1.8 + 0.1 wt.%).

The X-ray diffractogram profile of the Pd/UiO-66 catalyst is identical to the X-ray diffractogram of the
initial MOFs, it indicates the preservation of the structure after the Pd nanoparticles deposition. Reflexes at
2 6° =~ 40.12; 46.66; 68.12 corresponding to the metal Pd can be found on the X-ray diffractogram (Pd (46-
1043), Fig. 7). The identification of Pd on Al,Os is difficult due to the overlap of the support peaks.
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760 | i
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Figure 7. X-ray diffraction patterns of the obtained catalysts before and after palladium deposition

The morphology and distribution of palladium were analyzed by TEM microscopy. The homogeneous
distribution of palladium nanoparticles on the surface of the coordination polymer UiO-66 can be seen in the
presented TEM photographs (Fig. 8). Other situation is observed for the industrial support of catalytically
active particles (Al.Os). The nanoparticles are aggregated on the surface of aluminum oxide. Particles with
sharp edges of the inhomogeneous shape of the initial Al,Os can be seen in TEM images with a resolution of
0.5 p. The average size of particles on the surface of the analyzed catalytic systems ranged from 5 to 20 nm

(Fig. 9).
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Figure 8. TEM images of the Pd/UiO-66 (a) and Pd/Al,0s (b) surface

< 5] Y9 Pd/U10-66| J _

g N\ S sl JrdiALO,

s N\ 8 w

— [&}

g > N\ T

o § ©

4w 20 QL]

N 5

g 15 § ; 154

%10‘ g 101 §

T i % =
0 / v . f . 0 INN ' NN
0 5 10 15 20 25 30 0 5 i 10 15 20

Diameter, nm Diameter, nm

Figure 9. Histograms of Pd nanoparticle size distribution derived from TEM images

High-Performance Liquid Chromatography (HPLC) was used to analyze the time-dependent change of
the mixture composition during the hydrogenation reaction. During the hydrogenation of p-
chloronitrobenzene in the presence of Pd/Al;Os, the aniline content in the mixture was about ~20 % four
minutes after the start of the process (Fig. 10). The complete conversion of the substrate was achieved after
ten minutes, but the hydrogenation rates remained sufficiently high to ultimately result in a dechlorination
process and the formation of unidentified reaction by-products.
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Figure 10. Dependence of reaction mixture composition on time during hydrogenation
of p-chloronitrobenzene on the Pd/Al,Os catalyst

The hydrogenation of p-chloronitrobenzene on the proposed Pd/UiO-66 catalytic system proceeded sig-
nificantly longer. It may be explained by successive processes of adsorption and desorption of substrate in
MOF pores before interaction with Pd active centers. Nevertheless, the observed reaction occurred with high
selectivity of ~83 % up to the formation of p-chloroaniline (Fig. 11).
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Figure 11. Dependence of reaction mixture composition on time during hydrogenation of p-chloronitrobenzene
on the Pd/UiO-66 catalyst

Figure 12 shows the chromatograms of hydrogenation reaction products obtained by the process on two
catalysts. In the case of Pd/Al,Os, the formation of many unidentified by-products (red circles on the chro-
matogram) leads to impurity of the target product (p-chloroaniline) and a decrease of selectivity below 44 %.
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Figure 12. HPLC of the hydrogenation reaction mixture on different catalysts
at a hydrogen consumption rate w(H) < 0.6 mL/min

In turn, using of the suggested catalytic system Pd/UiO-66 enables to obtain pure p-chloroaniline with
high selectivity (83.0 %) at 98.1 % conversion (Table 5).

Table 5
Results of hydrogenation reaction of p-chloronitrobenzene using synthesized catalysts
Catalysts P-chloraniline selectivity, % Conversion, %
Pd/UiO-66 83,0 98,1
Pd/Al>,0s3 <44 100

Note — The conditions of the experiment: mcat = 0,300 g; msun = 1,000 g; solvent — isopropanol (40 mL); T =48,5 °C; p = I atm.

4. Conclusions

In this study, UiO-66 was obtained using a “rational” method for the synthesis of MOFs in aqueous so-
lution. We demonstrated that increasing synthesis temperature from 25 °C to 75 °C lead to the increase of the
share of micropores in the structure, as well as to the formation of amorphous MOFs and other by-products.
The use of DMF as a solvent in this approach led to the formation of gel phase, complicating the removal of
solvent and extraction of pure product. The addition of a modulator (acetic acid) in excess of equimolar
guantities prevented the formation of the desired structure.

The composition, structure and physicochemical properties of the obtained compounds were studied by
IR spectroscopy, TGA and XRD analysis. The results demonstrate that the proposed methodology effectively
enhances the specific surface area by 2.5 times from 360 to 885 m?/g and extends the range of thermal stabil-
ity up to 490 °C.

The catalytic system Pd/UiO-66 was prepared through the post-synthetic modification of the obtained
UiO-66 by encapsulation of catalytically active Pd. The ability of the obtained catalyst to carry out the reac-
tion with high selectivity (83.0 %), in comparison with traditional Pd/Al>Os, was shown in the hydrogenation
reaction of p-chloronitrobenzene to p-chloroaniline.
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The use of pre-synthesized inorganic building blocks Zre(u3-O)4(u3-OH)4 demonstrates the potential of
a rational stepwise approach for the synthesis of UiO-66, and could be a low-temperature scalable eco-
friendly way to produce such highly porous materials.
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