
Heliyon 6 (2020) e04883
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Research article
A comparative study of the physical and chemical properties of pelletized
HKUST-1, ZIF-8, ZIF-67 and UiO-66 powders

Eleni Tsalaporta a,b,*, J.M. Don MacElroy a

a University College Dublin, School of Chemical and Bioprocess Engineering, Belfield, Dublin, 4, Ireland
b University College Cork, Discipline of Process and Chemical Engineering, College Road, Cork, Ireland
A R T I C L E I N F O

Keywords:
Materials science
Chemical engineering
UiO 66
ZIF 67
HKUST 1
MOFs
ZIF 8
Pelletization
* Corresponding author.
E-mail address: eleni.tsalaporta@ucc.ie (E. Tsala

https://doi.org/10.1016/j.heliyon.2020.e04883
Received 3 April 2018; Received in revised form 2
2405-8440/© 2020 Published by Elsevier Ltd. This
A B S T R A C T

The physical and chemical properties of four metal organic frameworks were examined before and after the
pelletization process with pressure (tablet) and binders (pellet) for their possible use in industrial or other
commercial processes. Due to the uniqueness of their crystal structure, each MOF behaved differently under the
same treatment. ZIF-8 proved to be very robust in the presence of binding materials (pellet) as well as after the
application of pressure (tablet). The presence of water resulted in the reversible partial loss of their crystalline
morphology in the case of HKUST-1 and UiO-66 (pellet). The crystal structure of ZIF-67 was irreversibly lost in the
case of the pellet but it was well maintained under pressure (tablet).
1. Introduction

Metal Organic Frameworks (MOFs) are newly developed ultra-high
surface area microporous materials with multiple applications. They
are synthesized from metal oxide clusters and organic ligands and as a
result there are numerous potential MOFs with distinguishable prop-
erties that could be produced simply by changing the ligands or the
linkers [1, 2, 3, 4, 5, 6, 7, 8]. The uniqueness of the crystal structure
and properties of each MOF do not allow generalization of their
behaviour when subjected to a range of environmental factors and for
this reason, no reliable conclusions can be made unless each MOF is
examined separately.

Due to their extensive surface areas, several MOFs have been exam-
ined and found to be ideal for catalysis, gas separations and storage. More
specifically, many researchers have proposed MOFs to be used as ad-
sorbents for the capture of methane [9], CO2 in the presence or absence
of water [10, 11, 12, 13, 14, 15, 16, 17, 18, 19], or other gas separations
such as hydrogen and nitric oxide [20] and these are only a few examples
in the extended list of possible uses of MOFs. However, despite their
significant potential, MOFs have not been employed in industrial appli-
cations yet. Their availability at commercial scale is limited and they are
only obtainable in powder form. Most of the applied industrial processes
such as heterogeneous catalytic reaction systems or fluid separation
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processes (e.g. Pressure/Vacuum Swing Adsorption (PSA/VPSA)) require
pellet shaped materials.

The production of pellets and the effects of this process on the
properties of the MOFs has started to be examined only recently. Peterson
et al. [21] have examined the effects of pressure on HKUST-1 and UiO-66,
showing that HKUST-1 maintained its properties while UiO-66 lost oc-
tane loading. They also examined the effect of pelletization pressure on
the physical and chemical properties of HKUST-1 and UiO-66, indicating
that bothMOFs are suitable for tablet preparation, although there is some
degradation in porosity. In another study, MIL-53(Al) lost 32% of its N2
adsorption capacity when pelletized with a polyvinyl alcohol binder
[22]. O'Neill et al. [23] reversed the process and created HKUST-1 pellets
by attaching HKUST-1 to the surface of polyacrylamide (PAM) beads
instead of making pellets from HKUST-1 powder. In this case, the N2
uptake and the surface area of the HKUST-1- PAM beads were signifi-
cantly decreased (up to 80%) compared to the properties of the original
powder.

More recently, Delgado et al. [24] studied the agglomeration of
HKUST-1 and ZIF-8 with polyvinylalcohol (PVA). The obtained extru-
dates showed a low reduction of surface area in comparison to the
powders, with a potentially good performance in separation processes.
Similarly, Edubilly and Gumma [25] have used the same binder (poly-
vinylalcohol) in order to investigate the agglomeration of UiO-66, with
the agglomerates maintaining approximately 85% of the CO2 adsorption
tember 2020
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capacity of the powder. Lee et al. [26] have used a different technique for
the shaping of UiO-66. This technique is the calcium alginate technique,
originated from molecular gastronomy and biology. While this method is
promising for the shaping of water-stable MOFs, such as UiO-66, in very
small quantities, scaling up molecular based techniques can be very
difficult.

In this work, a different pelletization method was examined and
evaluated, as suggested by Tsalaporta et al. [27]. Four commercial MOFs
(ZIF-8, ZIF-67, HKUST-1 and UiO-66) were pelletized with a binder
(methylcellulose) and a cement (bentonite) and compared to pressurized
powder (tablets) of the same materials, with a view to their subsequent
use in industrial scale fluid treatment or separation processes. More
specifically, the use of these pellet shaped MOFs in a Pressure Swing
Adsorption process for CO2 capture was examined and will be presented
in a separate article.

2. Material and methods

2.1. Materials

HKUST-1, ZIF-8 and ZIF-67 were purchased from MOF Technologies
(Belfast, UK) and UiO-66 was purchased from STREM Chemicals (Mas-
sachusetts, US).
2.2. Preparation of pellets

Methylcellulose and bentonite (Sigma Aldrich) were used for the
formation of small cylindrical pellets (nominal diameter: 1.7mm, length:
4mm), as suggested by Tsalaporta et al. [27]. Methylcellulose was used as
binder and bentonite was used as cement in order to create a homoge-
neous plastic and elastic paste with a view to maintaining the crystal
structure of the MOFs. The optimised mass ratio of each paste was: 1 gr of
MOF, 2 gr of deionized water, 0.15 gr of methylcellulose and 0.15 gr of
bentonite. Different mass ratios were examined, however the produced
pellets were lacking in hardness, therefore they were not suitable for the
purposes of handling in an industrial setting. The suggestedmass ratios of
bentonite and methylcellulose were the minimum recommended mass
ratios in order to ensure that the hardness of the pellets was equivalent to
zeolite 13x pellets (70–80 on the Rockwell B hardness scale), and to
prevent the creation and transfer of dust during agitation in a typical
industrial process. All the powders were added in a beaker and were
mixed. The water was added last and the contents of the shaker were
mixed for 10 min until a paste was formed. The paste was introduced into
a Makin's clay extruder and extracted in lines (diameter 1.7 mm). The
lines were cut into 4mm cylindrical beads (pellets) and left to dry at room
temperature for 24 h. In the cases where the MOF structure was degraded
after the pelletization process, the pellets were regenerated with ethanol
as suggested by Mathivathani et al. [28]. More specifically 100gr of
pellets were mixed with 2 L of ethanol and stirred at room temperature
from 24 to 96 h.
2.3. Preparation of tablets

Agglomerates were prepared using a hand pellet press. 1 gr powder of
each MOF and 0.2 ml of ethanol were gently mixed, introduced into a 2
cm die and pressed at 100 bar for 1 min, in order to ensure having a
robust tablet (optimised process). Ethanol was added to the powder in
order to protect the crystal structure of the MOFs. In the case of ZIF-8 and
UiO-66, the agglomerates were well shaped, forming a strong tablet
(dimensions: 2 cm diameter/3 mm thickness). However, in the case of
HKUST-1 and ZIF-67, the tablets were fragile and there was powder left
in the die in both cases, indicating that the pressure was not sufficient.
The tablets were only prepared for the comparison of their surface areas
with the surface area of the extruded pellets, therefore the presented
results are for illustrative purposes only.
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2.4. SEM

Samples were mounted on stubs using double-sided carbon tape, and
sputter coated with Gold, using an Emitech K575X Sputter Coating Unit,
to prevent surface charging by the electron beam. Samples were then
examined using a FEI Quanta 3D FEG DualBeam (FEI Ltd, Hillsboro, USA)
at 5KV using 5.9 pA.

2.5. Nitrogen isotherms – surface area - porosity

Nitrogen porosimetry measurements were conducted using a Quan-
tachrome Analyzer. All the samples were outgassed at 150 �C for 24 h.
The BET method was used for measuring the surface area. The pore size
distribution was calculated with non-local density functional theory
(NLDFT) using a slit pore carbon kernel. The micropore volume was
calculated using the Dubinin-Radushkevitch (DR) method and the total
volume was measured at a relative pressure, P/Po, of 0.99.

2.6. XRD

X-ray diffraction (PXRD) measurements were taken using a KRIS-
TALLOFLEX X-ray Generator K760-A21. All the samples were scanned at
30mA and 40kV using CuKα radiation. The 2θ range was from 5o to 40o

with a step size of 0.02o. In order to minimize the background scattering,
zero background discs were used. The analysis of the results were pro-
cessed by the software Traces.

2.7. Hardness test

Hardness tests were conducted with a manual pellet hardness tester
KAHL. The hardness was measured in kg/mm2 and was converted to
Rockwell B hardness scale.

3. Results and discussion

3.1. Characterization of ZIF-8

Table 1 summarizes all the samples of ZIF-8. Images of the powder,
tablet and pellet are presented in Figure 1 while scanning electron micro-
scope (SEM) images arepresented inFigure2 (a: powder, b: tablet, c: pellet).
The micron-sized octahedral crystallites of the powder have maintained
their structure and shape after the pelletization process. This fact is further
supported by the XRD curves (Figure 3). The presence of two additional
components, a binder and a cement, did not destroy the crystal structure of
ZIF-8 but did cause a minor structural collapse and a displacement of the
crystal peaks. The hardness of the pellets was measured as 71 on the
Rockwell B hardness scale,which is comparable to78 of commercial zeolite
13X pellets, measured for the purposes of this paper [33].

Nitrogen isotherms were measured in order to examine whether
surface area and pore size were affected by the pelletization process
(Figure 4). For comparative purposes, tablets of ZIF-8 powder were
prepared in a hand pellet press and compared to the initial powder and
the extruded pellet shaped material. Table 1 summarizes the BET surface
area and the pore volume of the three samples. The decrease in the pore
volume of the pellet shaped MOF was primarily due to the binding ma-
terials. Based on the proportions of ZIF-8, binder and cement, the actual
decrease in the volume was approximately 7% per gram of ZIF-8.

3.2. Characterization of ZIF-67

A summary of ZIF-67 samples is presented in Table 2 and images of
the powder and pellets are presented in Figure 5. Scanning electron
microscope (SEM) images are presented in Figure 6 (a: powder, b: tablet,
c: pellet). Unlike ZIF-8, the structure of ZIF-67 was irreversibly destroyed
in the presence of the three components, water, binder and cement. At-
tempts to regenerate the degraded structure with ethanol were



Table 1. Surface and pore properties of ZIF-8.

ZIF-8 Sample BET surface area m2/g Pore volume cc/g Pore diameter Å

ZIF-8 powder 2047.1 0.460 15.6

ZIF-8 tablet 1681.5 0.458 15.3

ZIF-8 pellet 1471.5 0.333 14.7

Figure 1. ZIF-8 samples: (a) powder, (b) tablet and (c) pellet.

Figure 2. SEM images for ZIF-8 samples: (a) powder, (b) tablet and (c) pellet.

Figure 3. Comparison of the XRD patterns – ZIF-8.
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unsuccessful. More specifically, less than 35% of the initial surface area
was maintained in the pellet shaped material before and after ethanol
treatment. The decrease in the pore volume due to the binding materials
was 49% per gram of ZIF-67. The N2 isotherms of the powder and the
pellet are presented in Figure 7. However, as cited in Table 2, the applied
pressure in the case of the tablet has only caused a minor structural
collapse by maintaining 75% of the initial state.

The XRD patterns were in line with the surface area analysis, showing
a minor structural collapse in the case of the tablet and a very serious one
in the case of the pellet (Figure 8). Similarly, the SEM images of the
3

powder and the tablet indicate well shaped spherical crystals with
interstitial macropores while in the case of the pellet, the pores are filled
and the crystals have lost their shape. Finally, the hardness of the pellets
was similar to ZIF-8 pellets, at 69 of Rockwell B hardness scale [33].

3.3. Characterization of HKUST 1

HKUST 1 powder, tablet and pellet images are shown in Figure 9, with
the hardness of the pellets being 70 Rockwell B [33]. Unlike ZIF-8,
HKUST-1 powder proved to be very sensitive to any pelletization



Figure 4. (a) N2 isotherm for ZIF-8 powder (b) N2 isotherm for ZIF-8 pellet.

Table 2. Surface and pore properties of ZIF-67.

ZIF-67 Sample BET surface area m2/g Pore volume cc/g Pore diameter Å

ZIF-67 powder 1789.6 0.660 16.3

ZIF-67 tablet 1334.9 0.495 16.2

ZIF-67 pellet 464.4 0.341 35.4

Figure 5. ZIF 67 samples: (a) powder, (b) tablet and (c) pellet.

Figure 6. SEM images for ZIF-67 samples: (a) powder, (b) tablet and (c) pellet.
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process (pressed or extruded). The BET surface area and pore volume
measurements (see Table 3) indicated a dramatic loss in the surface area
of both tablets and pellets. Furthermore, evidence for the collapse of the
porous network of the pellets was provided by the lower signal intensity
of the XRD patterns (Figure 10) indicating the deterioration of the crystal
4

structure of the pellets compared to the high signal intensity of the
powder. The degradation in the case of the tablet was due to the applied
pressure and was irreversible while in the case of the pellets, it was
subject to the water exposure (hydrolysis) and could be easily reversed,
as reported by Majano et al. [29].



Figure 7. (a) N2 isotherm for ZIF-67 powder (b) N2 isotherm for ZIF-67 pellet.

Figure 8. Comparison of the XRD patterns – ZIF-67.

Figure 9. HKUST-1 samples: (a) powder and (b) tablet and (c) pellet.

Table 3. Surface and pore properties of HKUST-1.

HKUST-1 Sample BET surface area m2/g Pore volume cc/g Pore diameter Å

HKUST-1 powder 1271.2 0.524 14.1

HKUST-1 tablet 595.6 0.317 12.9

HKUST-1 pellet 605.1 0.124 4.26

HKUST-1 Pellet (24 h EtOH) 724.2 0.356 11.4

HKUST-1 Pellet (96 h EtOH) 896.6 0.362 12.2
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For the regeneration of the MOF porous net, HKUST-1 pellets were
stirred in ethanol for 24 and 96 h at room temperature. In terms of surface
area, the achieved reconstruction for HKUST-1 was 74% and 92% respec-
tively per gram of HKUST-1. The reversibility of the process was further
supported by the increase in the signal intensity of the X-ray Diffraction
5

patterns (Figure 10) after 96 h in ethanol. N2 isotherms of the powder and
the regenerated pellet (96 h in ethanol) are presented in Figure 11.

The degradation and the regeneration of the porous morphology of
HKUST-1 pellets is illustrated by scanning electron microscope (SEM)
images as provided in Figure 12. Primarily, the well-defined micrometer



Figure 10. Comparison of the XRD patterns – HKUST-1.

E. Tsalaporta, J.M.D. MacElroy Heliyon 6 (2020) e04883
sized crystals of the powder were replaced with smaller sized and less
defined crystals in the case of the pellets. The size of the crystals was
increased after ethanol treatment and the structure was redefined, which
is in line with the XRD results. The cylindrical shaped formations that
appear in the structure of both the degraded and the regenerated pellets
(Figures 12b and 12c) were due to the binder and the cement that were
used for the formation of the pellets.

The possible regeneration of HKUST-1 pellets was also examined
based on dehydration (thermal treatment at 150 �C for 12–24 h) however
the reconstruction of the porosity was unsuccessful.

3.4. Characterization of UiO-66

Similarly to HKUST-1, the morphology of UiO-66 powder was
dramatically changed after the pelletization process which was reversed
after ethanol treatment. Images of UiO-66 before (powder) and after
Figure 11. (a) N2 isotherm for HKUST-1 powder (b

Figure 12. SEM images for HKUST-1 samples: (a)
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pellet formation (tablet and pellet) are presented in Figure 13. BET sur-
face area and pore volume measurements (see Table 4) indicated a 78%
loss in the surface area of the pellet shaped product per gram of UiO-66,
being in accordance to the lower signal intensity of the XRD patterns
(Figure 14). However, the properties of the tablet were similar to the
properties of the powder, proving the mechanical robustness of UiO-66.
This result is in accordance with the literature [21, 30, 31, 32], where
UiO-66 was found to be mechanically robust and water stable. Therefore,
the collapse of its porous network may be considered not to be as a result
of the applied pressure, but it is believed that the presence of the binding
materials and water were the primary cause of the degradation of
UiO-66.

As in the case of HKUST-1, UiO-66 pellets were stirred in ethanol for
96 h at room temperature resulting in 99.7% reconstruction of the sur-
face area per gram of UiO-66 with a concomitant rebuilding of the crystal
pores as inferred from the pore size of the treated pellets. Moreover, there
) N2 isotherm for HKUST-1 pellet (96 h EtOH).

powder, (b) pellet and (c) pellet (96 h EtOH).



Figure 13. UiO-66 samples: (a) powder, (b) tablet and (c) pellet.

Table 4. Surface and pore properties of UiO-66.

UiO-66 Sample BET surface area m2/g Pore volume cc/g Pore Diameter Å

UiO-66 powder 1110.8 0.458 13.8

UiO-66 tablet 1095.2 0.431 13.6

UiO-66 pellet 187.4 0.329 6.4

UiO-66 pellet (96 h EtOH) 852.7 0.302 12.9

Figure 14. Comparison of the XRD patterns – UiO-66.
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was a 14% decrease in the pore volume of the pellet shaped material per
gram of UiO-66 (96 h EtOH) compared to the initial powder, due to the
binding components. The signal intensity of the X-ray Diffraction pat-
terns also supported the reconstruction of the crystals after ethanol
treatment (Figure 14). N2 isotherms of the powder and the regenerated
pellets are presented in Figure 15.

SEM images of the three stages of UiO-66 are presented in Figure 16,
showing the morphology changes of the MOF. The combination of water,
Figure 15. (a) N2 isotherm for UiO-66 pow
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binder and cement have transformed the well-shaped crystal structure of
the powder into a less porous surface after pelletization. However, the
presence of ethanol has rebuilt to a significant degree the crystals of the
initial structure. The string formations that appear in the structure of
both the degraded and the regenerated pellets (Figures 16b and 16c)
were due to the binder and the cement that were used for the formation
of the pellets. Finally the hardness of the UiO-66 pellets was 72.5 of
Rockwell B hardness scale [33].
der (b) N2 isotherm for UiO-66 pellet.



Figure 16. SEM images for UiO-66 samples: (a) powder, (b) pellet and (c) pellet (96 h EtOH).
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4. Conclusions

Binder based pellets and pressure based tablets were prepared in
order to examine the effects of the two pelletization processes on the
physical properties of four commercial MOFs. The pellets were produced
with a view to their eventual use under agitated conditions in an in-
dustrial setting and therefore commercial binders were selected in order
to ensure mechanical strength. The investigation of the tablets was
conducted for comparative purposes. The hardness of the pellets was
similar for the four different MOFs, due to the similar amounts of addi-
tives. The structure of ZIF-8 was well maintained in the presence of
binders, as well as after application of pressure. The degradation of the
porous morphology of HKUST-1 in the case of the pellets was due to the
presence of water and was reversible with more than 92% of the initial
structure being reformed. Similarly, the surface area of UiO-66 was
completely reconstructed after treatment with ethanol, with the features
of the regenerated crystals within the pellet approaching those of the
original powder. ZIF-67 maintained its structure in the case of pressure
application (tablet), however the crystals irreversibly lost their
morphological features in the presence of water and binders.
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