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Abstract: The employment of metal-organic frameworks in powder form is undesirable from an
industrial perspective due to process and safety issues. This work is devoted to evaluating the impact
of compression on the textural and structural properties of CPO-27(Ni). For this purpose, CPO-27(Ni)
was synthesized under hydrosolvothermal conditions and characterized. Then, the resulting powder
was compressed into binderless pellets using variable compression forces ranging from 5-90 kN
(37-678 MPa) and characterized by means of nitrogen adsorption/desorption, thermogravimetric
analysis and powder X-ray diffraction to evaluate textural, thermal and structural changes. Both
textural and structural properties decreased with increasing compression force. Thermal stability
was impacted in pellets compressed at forces over 70 kN. CPO-27(Ni) pelletized at 5, 8 and 10 kN,
and retained more than 94% of its initial textural properties, while a loss of about one-third of the
textural property was observed for the two most compressed samples (70 and 90 kN) compared to
the starting powder.

Keywords: MOF; CPO-27-Ni; shaping; compression; pelletization; adsorption; X-ray diffraction;

optimization

1. Introduction

Metal-organic frameworks (MOFs) have been extensively explored since the 90s, and
thousands of new structures have been synthesized and reported over the years. These
crystalline porous materials usually display thermal stability, high surface areas, high
porosity with uniform pore size distribution, which can be tuned according to specific pur-
poses, and offer the possibility to functionalize the framework. A large panel of topologies
can be obtained thanks to the combination of different metals (e.g., zinc, copper, cobalt,
nickel, magnesium, aluminum, indium, chromium, scandium, uranium, etc.) with differ-
ent organic linkers (e.g., carboxylates, phenolates, phosphonates, imidazolates, amines,
etc.) [1-3].

In this context, the Coordination Polymer of Oslo 27—CPO-27—(also known as MOEF-
74) is a metal-organic framework that assembles divalent metal cations (e.g., Ni2t, Co?*,
Zn%* and Mg?") to the organic linker 2,5-dihydroxyterephthalate (dhtp) via the oxygen
atoms of both the carboxylate and phenolate groups [4-7]. Regardless of the metal present
in the composition, CPO-27 exhibits a honeycomb-like structure with a pore opening of
around 11 A. Each M?* is also coordinated to an oxygen atom from an adsorbed water
molecule, which can be desorbed upon heating, generating an unsaturated metal site [8,9],
with a high potential for o and 7 bond interactions [10,11]. Thus, this material can play
a role in hydrogen storage [4,12], CO, adsorption [13-15], CH4 capture [16], ammonia
adsorption [17], xylene isomers separation [18], CH4/CO; separation [19,20], CO, /N,
separation [21], ethane/ethylene separation [22], propane/propene separation [22,23],
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a ppb-level CO gas sensor [24,25], a catalyst for aldehyde cyanosilylation and styrene
oxidation [26], a catalyst for ammonia synthesis [27], a catalyst for CO oxidation [28] and
NO delivery for medical device applications [29].

From an industrial scale application perspective, powder materials are best avoided
as they are generally not suitable for the process. In a reactor, for instance, powders are
likely to agglomerate and consequently cause clogging, which has an impact on the system
pressure. In addition, light powders are usually hazardous as the dust can be quickly
inhaled or come into contact with the eyes, causing safety issues for the operator. These
problems associated with the handling of powder materials are usually solved in the
industry through the shaping process [30].

The shaping process (e.g., pelletization, extrusion and granulation) is a process in
which the powder takes on a well-defined shape under the effect of stimuli (e.g., compres-
sion). Consequently, the material becomes significantly more manipulable and usable than
the material in powder form. The shaped material must, however, be mechanically resistant
to the process in which it is used and, finally, it must retain the intrinsic physico-chemical
properties of the initial source [30,31].

Despite the density of information found in the literature concerning the syntheses
approaches and the resulting physical-chemical properties, there is a lack of information re-
garding the impact of shaping on the material properties. It is, however, worth highlighting
the importance of shaping for the viability of industrial applications [32].

Therefore, this present work aims to assess the impact on the textural, thermal and
structural properties of CPO-27(Ni) upon compression. To accomplish it, the synthesized
powder was compressed using a wide range of compression forces and nitrogen adsorption
measurements, and thermogravimetric analyses and X-ray diffraction experiments were
carried out on the powder and compressed samples. The data obtained from the men-
tioned analyses of the starting material and compressed samples were further compared
and discussed.

2. Results and Discussions
2.1. Starting Material Characterization

The powder X-ray diffraction (PXRD) pattern, the isotherm of nitrogen adsorp-
tion/desorption at —196.15 °C, thermogravimetric analysis (TGA) profile and scanning
electron microscopic (SEM) image of CPO-27(Ni) starting material are grouped in Figure 1.

The powder X-ray diffraction pattern of CPO-27(Ni) is plotted in Figure la. The
diffraction pattern was identified to its corresponding compound (CCDC 1494751, Refcode
ORIVUI [33]) and it was further indexed using the STOE WinX"OW software. The sample
had a honeycomb-like structure and the refined unit cell parameter in the space group
R-3 was found to be a = 25.943(2) A and ¢ = 6.694(2) A for CPO-27(Ni), which is in good
agreement with the literature results (a = 25.9783(7) A and ¢ = 6.6883(2) A) [4].

The nitrogen adsorption/desorption isotherm measured at —196.15 °C is shown in
Figure 1b. CPO-27(Ni) has a Type I isotherm according to IUPAC classification, which
is characteristic of microporous adsorbents [34]. In addition, a hysteresis loop can be
observed between p/p® = 0.8-0.99, which is attributed to the intergranular porosity along
with the condensation phenomena. The surface area (Spgr) and micropore volume (V,) of
CPO-27(Ni) are, respectively, 1345 m? /g and 0.49 cm?/g. These textural properties are in
good agreement with those expected according to the previous findings (1218 m? /g and
0.47 cm3/g [19]), while even slightly higher than them.

The TGA profile of the starting powder CPO-27(Ni), recorded several days after its
synthesis, is shown in Figure 1c. It can be seen that CPO-27(Ni) contains significant amounts
of water, as the weight loss between 30 and 230 °C is 32%. This is consistent with the results
reported by Rosnes et al. [35], who stated that all of the CPO-27(M) samples (M = Zn, Co, Nji,
Mg, Mn, Cu) that they synthesized displayed a high affinity for water, with a water uptake
capacity of about 30 wt.%. The experimental and theoretical weight losses between 200 and
800 °C of CPO-27(Ni) are in good agreement (53 and 52 wt.%, respectively, considering
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the weight loss, with NiO formation at the end of the analysis). Moreover, the TG curve
reveals an abrupt collapse of the structure at 250 °C, which is in good agreement with the
literature, giving a temperature of ~240-250 °C) [4].
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Figure 1. Characterization of starting material with (a) X-ray diffraction pattern, (b) N, adsorp-

tion/desorption isotherm at —196.15 °C, (c) TGA profile and (d) SEM image of CPO-27(Ni).

The SEM image of CPO-27(Ni) powder is shown in Figure 1d. CPO-27(Ni) presents a
poorly defined morphology, in which the particles with a heterogeneous size ranging from
150—400 nm are present as aggregates measuring 4 pm on average.

2.2. Pelletization

The pelletized samples are shown in Figure 2. It is worth mentioning that the pellets
were prepared without the use of any binder. In terms of visual appearance, the three
least compressed samples (CPO-27(Ni)-5, CPO-27(Ni)-8 and CPO-27(Ni)-10) retained the
same color as the starting powder. At higher pressure, the pellets became darker as the
compression force increased (from yellow to dark yellow).
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10 kN

50 kN 70 kN

Figure 2. Color evolution of the compressed CPO-27(Ni) pellets at different compression forces.

The pelletization of CPO-27(Ni) resulted in hard pellets with a smooth surface for all
applied compression forces with the exception of CPO-27(Ni)-5. The latter had a lower
mechanical resistance than all other compressed pellets. In fact, CPO-27(Ni)-5 crumbled
into small pellet pieces upon any impact and also when cut in half with a razor blade. In
contrast, all the other pellets did not crumble when cut in half with the razor blade. In
fact, they give two equal half disks with a clean-cut section. It should be noted that the
last two most compressed samples (CPO-27(Ni)-70 and CPO-27(Ni)-90) were particularly
difficult to cut in half, as they presented a texture similar to that of a hard plastic (PMMA
for instance). Finally, CPO-27(Ni) compressed at 8 and 10 kN showed almost identical
textural properties.

2.3. Nitrogen Sorption Analyses

Nitrogen adsorption and desorption isotherms of the starting CPO-27(Ni) and com-
pressed samples are shown in Figure 3, and the textural properties (surface area and
micropore volumes) extracted from the isotherms are presented in Table 1. It is worth
noting that the weight losses observed during degassing (30-35 wt.%) are similar to that
measured (32 wt.%) through thermogravimetric analyses between room temperature and
230 °C. This weight loss is assigned to the removal of both chemisorbed and physisorbed
water molecules (Table 2). These findings reveal that the degassing operating conditions
(i.e., 12 h at 200 °C under a secondary vacuum) are suitable for dehydrating the powder
and the pellets.
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Figure 3. Textural properties of starting powder and pelletized CPO-27(Ni) with (a) nitrogen adsorp-
tion/desorption isotherms at —196.15 °C, and (b) evolution of micropore volume loss in function of
compression force with dotted line representing a linear fit in the range 10-90 kN.

Table 1. Textural properties of powder and pelletized CPO-27(Ni).

Pressure SBET SgeT Loss 1 1% V. Loss 2

Sample [MPa] [m2/g] [%] [em¥/g] " %]
CPO-27(Ni) - 1345 - 0.49 :
CPO-27(Ni)-5 37.7 1266 6 0.46 6
CPO-27(Ni)-8 60.3 1267 6 0.46 6
CPO-27(Ni)-10 753 1258 6 0.46 6
CPO-27(Ni)-30 226.0 1182 12 0.43 12
CPO-27(Ni)-50 376.7 1068 21 0.39 20
CPO-27(Ni)-70 527.4 937 30 0.34 31
CPO-27(Ni)-90 678.1 865 36 0.31 37

L Sppt loss compared to the departure material. 2 V. loss compared to the departure material.

Table 2. Weight losses observed during nitrogen sorption measurements and TG analyses.

Sample Weight Loss l:y Degassing ! Weight Lois by TGA 2
[%] [%]
CPO-27(Ni) 30 323/324

CPO-27(Ni)-5 34 34
CPO-27(Ni)-8 34 33
CPO-27(Ni)-10 35 35
CPO-27(Ni)-30 35 35
CPO-27(Ni)-50 35 35
CPO-27(Ni)-70 34 34
CPO-27(Ni)-90 34 34

1 Weight loss resulting from N, sorption degassing step at 200 °C for 12 h under secondary vacuum. > Weight
loss issued from TG analysis under synthetic air at 2 °C/min between room temperature and 230 °C. 3 Weight
loss issued from TG analysis between room temperature and 230 °C for freshly synthesized CPO-27(Ni) powder.
4 Weight loss issued from TG analysis between room temperature and 230 °C for degassed CPO-27(Ni) powder
two weeks after nitrogen sorption analyses.

Figure 3 shows that the starting and pelletized CPO-27(Ni) samples display the same
profile of adsorption isotherm. Moreover, the volume of nitrogen adsorbed on the material
decreases with the increasing compression force. The micropore volume loss upon com-
pression follows a linear trend for the compression forces in the range of 10 and 90 kN, as
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shown in Figure 3b. The BET surface area loss follows the same trend with almost the same
values. In fact, more than 10% of the initial textural properties are lost upon compression
using compression forces above 30 kN. This decrease reaches about one-third for samples
compressed at 70 and 90 kN (Table 1). In contrast, the less-compressed samples (5, 8 and
10 kN) retain almost all integrity of textural properties with a surface area and micropore
volume near those of the starting CPO-27(Ni), with only 6 wt.% loss. These results illustrate
the negative impact of high compression force on the textural properties of CPO-27(Ni)
pellets as partially evidenced by previous works [16,17].

2.4. Thermogravimetric Analyses

The thermogravimetric profiles of the powder and compressed samples, carried out
two weeks after nitrogen sorption analyses, are presented in Figure 4. Both powder and
pelletized samples feature almost the same amount of water; i.e., 32-35 wt.% (weight losses
measured between 30 and 230 °C). This similarity is also observed in the weight loss of
the freshly synthesized CPO-27(Ni) powder, as indicated in Table 2 (Section 2.3). These
results reveal that the two-week period after the nitrogen sorption analyses, during which
the samples (half pellets and powder) were exposed to atmospheric moisture, is sufficient
to restore them to their initial hydration state. The chemical formula for all of the samples
is thus: Nip(H»O),(dhtp)e~7H,O. As previously mentioned, these weight losses are also of
the same magnitude as those observed during the degassing step during nitrogen sorption.
This also suggests that the majority of acid Lewis sites (i.e., coordinated Ni atoms) are
unoccupied in the degassed samples.

100 -

1 rehydrated powder

90 1 5 kN

80 - 8 kN

1 10 kN

70 30 kN

§ 60 ] 50 kN

§ 50 1 90 kN
s 40 -
30 ]
20 -
10 -

0 T T T T T T T T T T T T T T T T T T

0 100 200 300 400 500 600 700 800 900
Temperature [°C]

Figure 4. Thermogravimetric profiles of starting and pelletized CPO-27(Ni) samples.

Exploring the contrasting behaviors of CPO-27(Ni) pellets concerning water and
nitrogen offers intriguing insights. In Section 2.3, it was determined that compression
exerts a substantial influence on nitrogen adsorption capacities, particularly beyond 10 kN.
On the other hand, the TG results show that the initial hydration rate of the degassed
samples is recovered after two weeks of exposure to atmospheric air. These findings not
only underscore the hydrophilic nature of CPO-27(Ni) but also suggest that limitations in
gas or vapor accessibility due to compression forces are contingent on the adsorbate. This
phenomenon is related to the kinetic diameter of the absorbent molecules, given that those
of water and nitrogen are 2.641 and 3.64-3.80 A, respectively [36].

Moreover, regarding the analysis of the TG curves, both the rehydrated powder
and the compressed pellets within the range of 5-50 kN display the same profile as the
starting powder, with the structural collapse centered at 250 °C. Surprisingly, the pellets
CPO-27(Ni)-70 and CPO-27(Ni)-90 also start to collapse at 250 °C. However, the structure
breakdown persists until about 300 °C, at which point the samples fully collapse. This
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delay in the complete structure collapse may suggest diffusion issues due to the intense
sample compression, even if it is difficult to see a large difference in compaction among the
samples in view of the SEM results (Section 2.6).

2.5. Powder X-ray Diffraction Analyses

The PXRD patterns of the starting CPO-27(Ni) and compressed samples are shown in
Figure 5 and their refined unit-cell parameters are listed in Table 3.

20 [°] / Cu Kqq

(a)
90 kN
70 kN
(b)
50 kN l
‘&_"_' starting powder
a3
& g |
:m_. 30 kN 8 8 kN
£ <
= 3‘ |
g i
- 10 kN 5 90 kN
2 ]
= c
8
- CaF,
= J 8 kN ﬁ

starting powder

LI B L

5 10 15 20 25 30 35 40 45 50
20 [°] / Cu Ky

Figure 5. PXRD patterns of (a) starting powder and pellets compressed under increasing pressures,
(b) starting powder, CPO-27(Ni)-8 and CPO-27(Ni)-90 mixed with 25 wt.% of CaF, where dotted line
denotes the intensity of the first CaF, peak at ~28.5° in 26. For clarity, a y-axis offset is applied to each
of the PXRD patterns.

Table 3. Refined unit-cell parameters of powder and pelletized CPO-27(Ni) in the space group R-3.

Sample Pressure a= b c Voloume
[MPa] [A] [A] [A3]

CPO-27(Ni) - 25.943(2) 6.694(3) 3901.6(5)
CPO-27(Ni)-5 37.7 25.817(2) 6.761(4) 3883.1(3)
CPO-27(Ni)-8 60.3 25.812(3) 6.757(5) 3898.6(8)
CPO-27(Ni)-10 75.3 25.937(3) 6.702(6) 3904.5(8)
CPO-27(Ni)-30 226.0 25.930(2) 6.700(5) 3901.3(6)
CPO-27(Ni)-50 376.7 25.926(2) 6.702(4) 3901.4(5)
CPO-27(Ni)-70 527.4 25.932(2) 6.706(3) 3905.5(4)

CPO-27(Ni)-90 678.1 25.928(2) 6.707(3) 3904.8(4)
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Figure 5a regroups the patterns of the CPO-27(Ni) starting material and pellets follow-
ing compression under various pressures. The patterns display similarities in their profiles
and peak positions. Consequently, the pelletized samples, like the initial CPO-27(Ni) sam-
ple, can be confidently identified as pure CPO-27(Ni). This identification aligns well with
the crystallographic data presented in the structure referenced as CCDC 1494751, with
the Refcode ORIVUI [33]. However, it is notable that the compression process affects the
crystallinity, as the diffraction peaks’ intensities decrease as a function of increased pressure.
To eliminate any potential misinterpretation associated with fluctuations in the diffracting
volume, a series of measurements were undertaken using an internal standard. In Figure 5b,
the XRD powder patterns are normalized to the first CaF, peak (at ~28.5° in 26), which
serves as an internal standard. A decrease in the peaks’ relative intensity is also observed
as a function of compression force increase. This phenomenon is all the more visible for the
first two peaks, which are also the most intense, at 6.8 and 11.8° in 26, corresponding to the
planes (010) and (200). This is attributed to the partial amorphization of CPO-27(Ni) upon
compression stimuli. As shown in Section 2.3, this trend is concomitant with a decrease in
textural properties emphasized in nitrogen sorption analyses.

Table 3 shows the refined unit-cell parameters in the space group R-3 for the starting
CPO-27(Ni) and pelletized samples. It can be seen that the process of pelletization of
CPO-27(Ni) did not impact the initial unit-cell parameters for the compressed pellets
between 10 and 90 kN, even if the intensity changes of the diffraction peaks reveal a partial
amorphization. This is evidenced by the absence of a peak shift between the starting
material and the compressed samples. Nonetheless, the refined unit-cell parameters of
the CPO-27(Ni)-5 and CPO-27(Ni)-8 samples are slightly affected by the impact of the
compression. The possible reason(s) for such phenomena remain(s) unclear to this date,
and a thorough investigation should be undertaken in order to shed light on this issue.

2.6. Scanning Electron Microscopy

Figure 6 displays SEM images presenting a cross-sectional view of the compressed
samples, excluding the powder sample and the CPO-27(Ni)-90 pellet due to the additional
analyses required for the latter. The SEM images, captured at both low and high magnifica-
tions, reveal a distinctively well-defined cut surface in the samples, particularly pronounced
in those compressed at higher pressures, such as CPO-27(Ni)-50 and CPO-27(Ni)-70. Re-
garding particle sizes, the application of elevated pressures in pellet fabrication did not
lead to significant alterations. The images exhibit a bimodal particle distribution, with one
group consisting of micrometric-sized particles and another featuring particles of a few
hundred nanometers. This is consistent with the XRD results, where the full width at half
maximum of the diffraction peaks does not significantly change (Section 2.5). Furthermore,
it is notable that the particles within the pellets may exhibit a higher degree of compaction
compared to those found in the powder. This phenomenon can be attributed to the settling
of agglomerated particles from the powder due to the constraints imposed by the applied
mechanical force during the compression process. This settling effect contributes to the
increased density and more closely packed structure observed in the pelletized samples.
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CPO-27(Ni)-90

e 3

Figure 6. SEM images of CPO-27(Ni) compressed samples with a cross-sectional view of pellets with
a low (left images) and high magnification (right images).

3. Materials and Methods
3.1. Materials
3.1.1. Raw Materials

Nickel acetate tetrahydrate (Ni(CH3COO), #4H,0, Fluka > 99%), 2,5-dihydroxyterephthalic
(Hqdhtp, CgHgOg, Sigma Aldrich > 98%), deionized water (H,O, 18 MQ.cm 1), ethanol
(EtOH, C;H¢O, Carlo Erba > 99.9%) and tetrahydrofuran (THF, C4;HgO, Carlo Erba > 99.9%)
were used to prepare the CPO-27(Ni).
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3.1.2. Synthesis of CPO-27(Ni) Powder

CPO-27(Ni) (Nip(dhtp)(H,0),e8H,0) was synthesized following a procedure de-
scribed in the literature [12] but adapted with a scale-up factor of 4. Ni(CH3COO),e4H,0
(5.2493 g, 21.10 mmol) was dissolved in 35.19 g of H,O (giving solution S1) in a 150-mL
PTFE-lined stainless-steel autoclave, and Hydhtp (2.0902 g, 10.55 mmol) was separately
dissolved in 31.32 g of THF (giving solution S2). 52 was then poured into S1 (autoclave
filling level: 65%), yielding a greenish to yellowish suspension. The experimental molar
composition was 1 Ni: 0.5 Hydhtp: 97 H,O: 21 THF. The final mixture was heated at 110 °C
for 72 h. After cooling down, the suspension was filtered under a vacuum and the dark
yellow solid was washed with 3 portions of 50 mL of H,O. The solid was then immersed
in 325 mL of EtOH, dispersed for 3 min under sonication and then left static for 24 h. The
solid was then filtered, washed with 3 portions of 50 mL of EtOH and finally dried at 80 °C
for 2 h at room temperature overnight. Obtained mass: 2.8936 g. Yield: 88% (based on
dried mass upon mass loss until 200 °C, determined by TGA). The synthesized sample was
further used as a starting material to prepare pellets using different compression forces.

3.1.3. Pelletization

An amount of 150 mg of CPO-27(Ni) was grinded and subsequently pressed at room
temperature without the implementation of any additional vacuum. This pressing step
was carried out using a Herzog TP40 (Herzog Maschinenfabrik, Osnabriick, Germany)
equipped with a 13-mm pellet die set (International Crystal Laboratories). The pressing
was conducted for a duration of 2 min, applying specific compression forces as follows:
5,8, 10, 30, 50, 70 and 90 kN, which correspond to compression forces of 37.7, 60.3, 75.3,
226.0, 376.7, 527.4 and 678.1 MPa. The compressed CPO-27(Ni) samples were named
as follows: CPO-27(Ni)-5, CPO-27(Ni)-8, CPO-27(Ni)-10, CPO-27(Ni)-30, CPO-27(Ni)-50,
CPO-27(Ni)-70 and CPO-27(Ni)-90.

3.2. Characterization Technigues
3.2.1. Nitrogen Sorption Measurements at —196.15 °C

Nitrogen adsorption/desorption analyses of the starting and compressed CPO-27(Ni)
samples were performed at —196.15 °C using a Micromeritics ASAP 2420 (Micromeritics
Instrument, Corp., Norcross, GA, USA). The samples (150 mg) were previously degassed
under a vacuum at 200 °C for 12 h (the pelletized samples were cut in half using a razor
blade in order to fit inside the tube). Textural properties information, such as the spe-
cific surface area (Sggr) and microporous volume (V,), were determined from the given
isotherms. For each sample, Sggr was determined based on the criteria given in the litera-
ture [37,38], in the 0.0002 < p/p® < 0.0160 range, while V,, was determined according to
the t-plot method (Harkins and Jura model).

3.2.2. Powder X-ray Diffraction (PXRD)

The PXRD patterns of the starting powder and compressed CPO-27(Ni) samples after
nitrogen adsorption/desorption analysis were recorded in transmission mode on a STOE
STADI-P diffractometer (STOE & Cie GmbH, Darmstadt, Germany) equipped with a curved
germanium (111) primary monochromator, and a linear position-sensitive detector (6° in
20) operating with Cu K radiation (K, = 0.15406 nm). After grinding 20 mg, the samples
were disposed of between two X-ray transparent cellulose acetate foils. The PXRD patterns
were collected at room temperature in the 5° < 26 < 50° range, at a step of 0.04° in 26 and
with a time of 25 s per step. The samples were analyzed by means of PXRD two weeks after
the nitrogen adsorption/desorption analysis in order to allow sample rehydration.

The PXRD patterns were also recorded in Debye-Scherrer mode for the starting CPO-
27(Ni), CPO-27(Ni)-8 and CPO-27(Ni)-90. The samples were mixed with an internal
standard (CaF,). An amount of 20 mg (75 wt.%) of the sample and 6.67 mg (25 wt.%) of
CaF, were thoroughly mixed, ground and the resultant mixture was inserted into capillaries.
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The XRD patterns were collected at room temperature in the 5° < 26 < 50° range, at a step
of 0.1° in 26 and with a time of 60 s by step.

3.2.3. Thermogravimetric Analyses

Thermogravimetric analyses (TGA) of the powder and compressed samples were
carried out using a TG Mettler Toledo STARe (Mettler Toledo, GmbH, Wien, Austria),
under synthetic air flow, with a heating rate of 2 °C/min from 30 to 900 °C. The pellets
were first crushed before being placed in alumina crucibles for analysis. The measurements
were conducted two weeks after the nitrogen adsorption/desorption analyses, in order to
make sample rehydration possible. The starting powder was analyzed several days after
its preparation and also two weeks after the nitrogen adsorption/desorption analysis for
comparison with the pellets.

3.2.4. Scanning Electron Microscopy

Scanning electron microscopy images were recorded using a JSM-7900F (JEOL, Ltd.,
Tokyo, Japan) scanning electron microscope. Before analysis, the sample was coated with a
fine carbon (in the case of the image for the starting powder in Section 2.1) or gold (in the
case of the images presented in Section 2.6) layer using a SCD004 sputter coating system
(BAL-TEC, LEICA MICROSYSTEMES SA) in order to improve the electrical conductivity.

4. Conclusions

CPO-27(Ni) was synthesized and binderless pellets were prepared in the range of 5
to 90 kN of compression force with a compression time of 2 min. The starting material
and pelletized samples were characterized to evaluate the textural, thermal and structural
impacts on CPO-27(Ni) upon compression. The less compressed pellet (5 kN) did not
show good mechanical resistance compared to the other pellets. The pellets compressed
at 5, 8 and 10 kN retained more than 94% of the initial textural properties, whereas the
samples compressed at compression forces higher than 30 kN lost 10% and even around
one-third of their textural properties, compared to the starting material, for the two most
compressed samples (70 and 90 kN). The thermal behavior remained unchanged up to
50 kN. In addition, powder X-ray diffraction measurements revealed a loss of crystallinity
upon compression. Despite this, the refined unit-cell parameters of pelletized samples in the
range of 10-90 kN remained unchanged in comparison with the starting material, whereas
those of the samples pelletized at 5 and 8 kN were slightly affected without deviating from
the global trend. Therefore, the compression forces of 8 and 10 kN were proven to be the
most suitable for producing a CPO-27(Ni) pellet with good texture and good mechanical
resistance while almost maintaining the integrity of the textural and structural properties
of the starting CPO-27(Ni) material. Finally, it is important to note that it is not necessary
to add a binder to produce pellets with good mechanical and adsorption properties.

Author Contributions: Conceptualization, G.C.; Methodology, G.T.G., LM.,, L., J.-L.P. and G.C,;
Validation, L.M., L]., J.-L.P. and G.C.; Formal Analysis, G.T.G.; Investigation, G.T.G., LM,, L.,
J.-L.P. and G.C.; Resources, G.T.G., LM., L], ]J.-L.P. and G.C.; Data Curation, G.T.G., L. M. and L.J.;
Writing—Original Draft Preparation, G.T.G., LM.,, L.].,J.-L.P. and G.C.; Writing—Review and Editing,
G.T.G, LM, L], J-LP and G.C; Supervision, L.M. and G.C.; Project Administration, G.C.; Funding
Acquisition, L.M., L.J. and G.C. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by French National Research Agency through SAAMM project
(ANR-20-CE07-0033).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Molecules 2023, 28, 6753 13 of 14

Acknowledgments: The authors thank the technical platforms of IS2M where XRD analyses, nitro-
gen sorption measurements, recordings by scanning electronic microscopy and thermogravimetric
analyses were performed.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Sample Availability: Samples of the compounds are not available from the authors.

References

1.  Wang, Q.; Astruc, D. State of the Art and Prospects in Metal-Organic Framework (MOF)-Based and MOF-Derived Nanocatalysis.
Chem. Rev. 2020, 120, 1438-1511. [CrossRef] [PubMed]

2. Chaplais, G.; Fraux, G.; Paillaud, J.-L.; Marichal, C.; Nouali, H.; Fuchs, A.H.; Coudert, F-X.; Patarin, J. Impacts of the Imidazolate
Linker Substitution (CH3, Cl, or Br) on the Structural and Adsorptive Properties of ZIF-8. |. Phys. Chem. C 2018, 122, 26945-26955.
[CrossRef]

3. Stock, N.; Biswas, S. Synthesis of Metal-Organic Frameworks (MOFs): Routes to Various MOF Topologies, Morphologies, and
Composites. Chem. Rev. 2012, 112, 933-969. [CrossRef] [PubMed]

4. Dietzel, P.D.C.; Panella, B.; Hirscher, M.; Blom, R.; Fjellvag, H. Hydrogen adsorption in a nickel based coordination polymer with
open metal sites in the cylindrical cavities of the desolvated framework. Chem. Commun. 2006, 9, 959-961. [CrossRef]

5. Dietzel, P.D.C.; Morita, Y.; Blom, R.; Fellvag, H. An in situ high-temperature single-crystal investigation of a dehydrated
metal-organic framework compound and field-induced magnetization of one-dimensional metaloxygen chains. Angew. Chem. Int.
Ed. 2005, 44, 6354-6358. [CrossRef]

6. Rosi, N.L.; Kim, J.; Eddaoudi, M.; Chen, B.L.; O’Keeffe, M.; Yaghi, O.M. Rod packings and metal-organic frameworks constructed
from rod-shaped secondary building units. J. Am. Chem. Soc. 2005, 127, 1504-1518. [CrossRef]

7. Dietzel, P.D.C.; Blom, R.; Fjellvag, H. Base-Induced Formation of Two Magnesium Metal-Organic Framework Compounds with a
Bifunctional Tetratopic Ligand. Eur. J. Inorg. Chem. 2008, 2008, 3624-3632. [CrossRef]

8.  Das, AK,; Vemuri, R.S.; Kutnyakov, I.; McGrail, B.P; Motkuri, R K. An Efficient Synthesis Strategy for Metal-Organic Frameworks:
Dry-Gel Synthesis of MOF-74 Framework with High Yield and Improved Performance. Sci. Rep. 2016, 6, 28050. [CrossRef]

9. Kim, S.-J.; Kwon, Y;; Kim, D.; Park, H.; Cho, Y.H.; Nam, S.-E.; Park, Y.-I. A Review on Polymer Precursors of Carbon Molecular
Sieve Membranes for Olefin/Paraffin Separation. Membranes 2021, 11, 482. [CrossRef]

10. Mohamed, M.H.; Yang, Y.; Li, L.; Zhang, S.; Ruffley, ].P; Jarvi, A.G.; Saxena, S.; Veser, G.; Johnson, ].K.; Rosi, N.L. Designing Open
Metal Sites in Metal-Organic Frameworks for Paraffin/Olefin Separations. . Am. Chem. Soc. 2019, 141, 13003-13007. [CrossRef]

11. Lamia, N.; Jorge, M.; Granato, M.A.; Almeida Paz, FA.; Chevreau, H.; Rodrigues, A.E. Adsorption of propane, propylene and
isobutane on a metal-organic framework: Molecular simulation and experiment. Chem. Eng. Sci. 2009, 64, 3246-3259. [CrossRef]

12.  Dietzel, P.D.C.; Georgiev, P.A.; Eckert, J.; Blom, R.; Straessle, T.; Unruh, T. Interaction of hydrogen with accessible metal sites in
the metal-organic frameworks M;(dhtp) (CPO-27-M; M = Ni, Co, Mg). Chem. Commun. 2010, 46, 4962-4964. [CrossRef] [PubMed]

13. Pato-Doldan, B.; Rosnes, M.H.; Dietzel, PD.C. An In-Depth Structural Study of the Carbon Dioxide Adsorption Process in the
Porous Metal-Organic Frameworks CPO-27-M. ChemSusChem 2017, 10, 1710-1719. [CrossRef] [PubMed]

14. Pato-Doldan, B.; Rosnes, M.H.; Chernyshov, D.; Dietzel, P.D.C. Carbon dioxide induced structural phase transition in metal-
organic frameworks CPO-27. CrystEngComm 2020, 22, 4353-4358. [CrossRef]

15.  Chen, C,; Feng, X.; Zhu, Q.; Dong, R.; Yang, R.; Cheng, Y.; He, C. Microwave-Assisted Rapid Synthesis of Well-Shaped MOF-74
(Ni) for CO, Efficient Capture. Inorg. Chem. 2019, 58, 2717-2728. [CrossRef] [PubMed]

16. Tagliabue, M.; Rizzo, C.; Millini, R.; Dietzel, P.D.C.; Blom, R.; Zanardi, S. Methane storage on CPO-27-Ni pellets. |. Porous Mater.
2011, 18, 289-296. [CrossRef]

17.  Hindocha, S.; Poulston, S. Study of the scale-up, formulation, ageing and ammonia adsorption capacity of MIL-100(Fe), Cu-BTC
and CPO-27(Ni) for use in respiratory protection filters. Faraday Discuss. 2017, 201, 113-125. [CrossRef]

18.  Peralta, D.; Barthelet, K.; Pérez-Pellitero, J.; Chizallet, C.; Chaplais, G.; Simon-Masseron, A.; Pirngruber, G.D. Adsorption and
Separation of Xylene Isomers: CPO-27-Ni vs HKUST-1 vs NaY. J. Phys. Chem. C 2012, 116, 21844-21855. [CrossRef]

19. Dietzel, PD.C.; Besikiotis, V.; Blom, R. Application of metal-organic frameworks with coordinatively unsaturated metal sites in
storage and separation of methane and carbon dioxide. J. Mater. Chem. 2009, 19, 7362-7370. [CrossRef]

20. Chen, S, Li, X;; Duan, J.; Fu, Y.; Wang, Z.; Zhu, M.; Li, N. Investigation of highly efficient adsorbent based on Ni-MOF-74 in the
separation of CO, from natural gas. Chem. Eng. J. 2021, 419, 129653. [CrossRef]

21. Liu, J,; Tian, J.; Thallapally, PK.; McGrail, B.P. Selective CO, Capture from Flue Gas Using Metal-Organic Frameworks—A Fixed
Bed Study. J. Phys. Chem. C 2012, 116, 9575-9581. [CrossRef]

22. Bohme, U.; Barth, B.; Paula, C.; Kuhnt, A.; Schwieger, W.; Mundstock, A.; Caro, J.; Hartmann, M. Ethene/ethane and
propene/propane separation via the olefin and paraffin selective metal-organic framework adsorbents CPO-27 and ZIF-8.
Langmuir 2013, 29, 8592-8600. [CrossRef]

23. Abedini, H.; Shariati, A.; Khosravi-Nikou, M.R. Adsorption of propane and propylene on M-MOF-74 (M = Cu, Co): Equilibrium

and kinetic study. Chem. Eng. Res. Des. 2020, 153, 96-106. [CrossRef]


https://doi.org/10.1021/acs.chemrev.9b00223
https://www.ncbi.nlm.nih.gov/pubmed/31246430
https://doi.org/10.1021/acs.jpcc.8b08706
https://doi.org/10.1021/cr200304e
https://www.ncbi.nlm.nih.gov/pubmed/22098087
https://doi.org/10.1039/b515434k
https://doi.org/10.1002/anie.200501508
https://doi.org/10.1021/ja045123o
https://doi.org/10.1002/ejic.200701284
https://doi.org/10.1038/srep28050
https://doi.org/10.3390/membranes11070482
https://doi.org/10.1021/jacs.9b06582
https://doi.org/10.1016/j.ces.2009.04.010
https://doi.org/10.1039/c0cc00091d
https://www.ncbi.nlm.nih.gov/pubmed/20512182
https://doi.org/10.1002/cssc.201601752
https://www.ncbi.nlm.nih.gov/pubmed/28052597
https://doi.org/10.1039/D0CE00632G
https://doi.org/10.1021/acs.inorgchem.8b03271
https://www.ncbi.nlm.nih.gov/pubmed/30720271
https://doi.org/10.1007/s10934-010-9378-0
https://doi.org/10.1039/C7FD00090A
https://doi.org/10.1021/jp306828x
https://doi.org/10.1039/b911242a
https://doi.org/10.1016/j.cej.2021.129653
https://doi.org/10.1021/jp300961j
https://doi.org/10.1021/la401471g
https://doi.org/10.1016/j.cherd.2019.10.014

Molecules 2023, 28, 6753 14 of 14

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

Lv, Y; Xu, P; Yu, H,; Xu, J.; Li, X. Ni-MOEF-74 as sensing material for resonant-gravimetric detection of ppb-level CO. Sens.
Actuators B 2018, 262, 562-569. [CrossRef]

Xiao, T.; Liu, D. The most advanced synthesis and a wide range of applications of MOF-74 and its derivatives. Microporous
Mesoporous Mater. 2019, 283, 88-103. [CrossRef]

Yao, H.-F; Yang, Y.; Liu, H.; Xi, E-G.; Gao, E.-Q. CPO-27-M as heterogeneous catalysts for aldehyde cyanosilylation and styrene
oxidation. J. Mol. Catal. A Chem. 2014, 394, 57-65. [CrossRef]

Shah, J.; Wu, T.; Lucero, J.; Carreon, M.A.; Carreon, M.L. Nonthermal Plasma Synthesis of Ammonia over Ni-MOF-74. ACS
Sustain. Chem. Eng. 2019, 7, 377-383. [CrossRef]

Salama, R.S.; Mannaa, M.A.; Altass, HM.; Ibrahim, A.A.; Khder, A.E.-R.S. Palladium supported on mixed-metal-organic
framework (Co-Mn-MOF-74) for efficient catalytic oxidation of CO. RSC Adv. 2021, 11, 4318-4326. [CrossRef]

Vornholt, S.M.; Duncan, M.]J.; Warrender, S.J.; Semino, R.; Ramsahye, N.A.; Maurin, G.; Smith, M.W.,; Tan, ].-C.; Miller, D.N,;
Morris, R.E. Multifaceted Study of the Interactions between CPO-27-Ni and Polyurethane and Their Impact on Nitric Oxide
Release Performance. ACS Appl. Mater. Interfaces 2020, 12, 58263-58276. [CrossRef]

Yeskendir, B.; Dacquin, J.-P.; Lorgouilloux, Y.; Courtois, C.; Royer, S.; Dhainaut, J. From metal-organic framework powders to
shaped solids: Recent developments and challenges. Mater. Adv. 2021, 2, 7139-7186. [CrossRef]

Perego, C.; Villa, P. Catalyst preparation methods. Catal. Today 1997, 34, 281-305. [CrossRef]

Bazer-Bachi, D.; Assie, L.; Lecocq, V.; Harbuzaru, B.; Falk, V. Towards industrial use of metal-organic framework: Impact of
shaping on the MOF properties. Powder Technol. 2014, 255, 52-59. [CrossRef]

Wong-Ng, W.; Kaduk, J.A;; Wu, H.; Suchomel, M. Synchrotron X-ray studies of metal-organic framework M2(2,5-
dihydroxyterephthalate), M = (Mn, Co, Ni, Zn) (MOF-74). Powder Diffr. 2012, 27, 256-262. [CrossRef]

Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of gases,
with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051-1069. [CrossRef]

Rosnes, M.H.; Pato-Doldan, B.; Johnsen, R.E.; Mundstock, A.; Caro, J.; Dietzel, PD.C. Role of the metal cation in the dehydration
of the microporous metal-organic frameworks CPO-27-M. Microporous Mesoporous Mater. 2020, 309, 110503. [CrossRef]

Li, J.-R.; Kuppler, R.J.; Zhou, H.-C. Selective gas adsorption and separation in metal-organic frameworks. Chem. Soc. Rev. 2009, 38,
1477-1504. [CrossRef] [PubMed]

Rouquerol, J.; Llewellyn, P.; Rouquerol, F. Is the BET equation applicable to microporous adsorbents? Stud. Surf. Sci. Catal. 2007,
160, 49-56. [CrossRef]

Walton, K.S.; Snurr, R.Q. Applicability of the BET method for determining surface areas of microporous metal-organic frameworks.
J. Am. Chem. Soc. 2007, 129, 8552-8556. [CrossRef]

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


https://doi.org/10.1016/j.snb.2018.02.058
https://doi.org/10.1016/j.micromeso.2019.03.002
https://doi.org/10.1016/j.molcata.2014.06.040
https://doi.org/10.1021/acssuschemeng.8b03705
https://doi.org/10.1039/D0RA09970H
https://doi.org/10.1021/acsami.0c17937
https://doi.org/10.1039/D1MA00630D
https://doi.org/10.1016/S0920-5861(96)00055-7
https://doi.org/10.1016/j.powtec.2013.09.013
https://doi.org/10.1017/S0885715612000863
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1016/j.micromeso.2020.110503
https://doi.org/10.1039/b802426j
https://www.ncbi.nlm.nih.gov/pubmed/19384449
https://doi.org/10.1016/S0167-2991(07)80008-5
https://doi.org/10.1021/ja071174k

	Introduction 
	Results and Discussions 
	Starting Material Characterization 
	Pelletization 
	Nitrogen Sorption Analyses 
	Thermogravimetric Analyses 
	Powder X-ray Diffraction Analyses 
	Scanning Electron Microscopy 

	Materials and Methods 
	Materials 
	Raw Materials 
	Synthesis of CPO-27(Ni) Powder 
	Pelletization 

	Characterization Techniques 
	Nitrogen Sorption Measurements at -196.15 C 
	Powder X-ray Diffraction (PXRD) 
	Thermogravimetric Analyses 
	Scanning Electron Microscopy 


	Conclusions 
	References

